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THERMAL S E N S I N G  O F  THE ATMOSPHERE 
FROM S A T E L L I T E S  

K . Y a .  Kondrat 'yev and Yu.M. Timofeyev 

ABSTRACT: The monograph summarizes t h e  r e s u l t s  of  
Sov ie t  and f o r e i g n  exper imenta l ,  t h e o r e t i c a l ,  and 
i n s t r u m e n t a t i o n  developments w i t h  a b e a r i n g  on the  
u t i l i z a t i o n  o f  the  outgoing thermal r a d i a t i o n  t o  
s tudy  t h e  ear th 's  atmosphere.  The angu la r  and 
s p e c t r a l  d i s t r i b u t i o n s  of  the  outgoing  r a d i a t i o n  
and problems i n  de te rmining  the  tempera tures  of 
t h e  unde r ly ing  s u r f a c e  and t h e  upper c loud bound
a r y ,  s t r a t o s p h e r e  tempera tures ,  and t roposphere
mois ture  are analyzed i n  d e t a i l .  Data r e l a t e d  t o  
t h e o r e t i c a l  and exper imenta l  a s p e c t s  of a tmospheric
thermal s e n s i n g  and de te rmina t ion  of  v e r t i c a l  mois
t u r e  p r o f i l e s  from s a t e l l i t e s  a r e  p re sen ted .  The 
p o s s i b i l i t i e s  of  a complex approach t o  s o l u t i o n  of 
t h e  s e t  of  i n v e r s e  problems and t h e  p rospec t s  f o r  
f u r t h e r  r e s e a r c h  a r e  b r i e f l y  d i scussed  i n  conclu
s i o n .  It  i s  hoped tha t  t h e  book w i l l  b e  u s e f u l  t o  
s c i e n t i f i c  workers s p e c i a l i z i n g  i n  t h e  f i e l d  o f  
a tmospheric  phys i c s ,  a s t r o p h y s i c i s t s ,  and represen
t a t i v e s  of  a s t r o n a u t i c s  and o t h e r  r e l a t e d  s c i e n c e s .  

FOREWORD 

The s o l i d  p r o g r e s s  i n  s a t e l l i t e  meteorology t h a t  has taken  
expres s ion  i n  t h e  development of exper imenta l  space weather  s y s 
t e m s  by t h e  USSR and U S A  w i t h  t h e  o b j e c t  o f  acqu i r ing  meteorologi
c a l  i n fo rma t ion  on t h e  p l a n e t a r y  s c a l e  i s  be ing  slowed by t h e  p re 
dominantly q u a l i t a t i v e  manner i n  which t h e  data are analyzed.  The  
g r e a t  p o t e n t i a l  i n h e r e n t  i n  i n t e r p r e t a t i o n  of t e l e v i s i o n  and i n 
frared p i c t u r e s  o f  t h e  cloud cover  i s  almost never  e x p l o i t e d  be
yond q u a l i t a t i v e  (or, a t  bes t ,  s e m i q u a n t i t a t i v e )  s y n o p t i c  ana lyses .
The need f o r  numer ica l  methods of  sho r t - t e rm f o r e c a s t i n g  and num
e r i c a l  s i m u l a t i o n  of  t h e  g e n e r a l  a tmospher ic  c i r c u l a t i o n  i n  t e r m s  
o f  p l a n e t a r y  three-dimensional  tempera ture ,  p r e s s u r e ,  and wind 
f i e l d s  has no t  y e t  been s a t i s f i ed .  F o r  p r e c i s e l y  t h i s  r eason ,  the 
development o f  methods o f  s e c u r i n g  q u a n t i t a t i v e  me teo ro log ica l  i n 
formation w i t h  s a t e l l i t e s  has become t h e  f i r s t  o r d e r  of b u s i n e s s  
i n  connec t ion  w i t h  t h e  f u r t h e r  development o f  s a t e l l i t e  meteorology. 
-__ _ _ ___-___ - .. _ _  
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The p o s s i b i l i t i e s  i n h e r e n t  i n  i n d i r e c t  methods o f  determining
meteo ro log ica l  parameters  and under ly ing-sur face  c h a r a c t e r i s t i c s  
from ou tgo ing- rad ia t ion  measurements ( t h e  s o l u t i o n s  o f  t h e  i n v e r s e  
problems o f  s a t e l l i t e  meteorology)  are many and v a r i e d .  However, 
there  i s  no doubt t h a t  the  problem o f  de te rmining  t h e  v e r t i c a l  
t empera ture  p r o f i l e  from t h e  outgoing thermal  r a d i a t i o n  spectrum
i n  va r ious  wavelength bands ( t h e  carbon d iox ide  bands i n  t h e  i n 
f r a r e d ,  t h e  oxygen bands i n  the  microwave r ange )  i s  o f  t h e  g r e a t 
es t  i n t e r e s t  from t h e  s t a n d p o i n t  of p r a c t i c a l  f e a s i b i l i t y .  The 
numerous t h e o r e t i c a l  s t u d i e s  concerned w i t h  fundamental  p o s s i b i l i 
t i e s  f o r  s o l u t i o n  o f  t h i s  problem t h a t  have appeared  i n  r e c e n t  
yea r s  j u s t i f y  t h e  s t a t emen t  t h a t  a l l  .fundamental q u e s t i o n s  have 
now been s e t  f o r t h  w i t h  s u f f i c i e n t  c l a r i t y .  Numerical simula
t i o n  and exper imenta l  a e r o s t a t  and s a t e l l i t e  t e s t s  of t h e  thermal-
sens ing  technique  (which r e q u i r e d  f a r - r e a c h i n g  i n s t r u m e n t a t i o n  
developments) have demonstrated i t s  p r a c t i c a l  promise.  We may
conclude from a l l  t h i s  t h a t  t h e  t i m e  i s  now r i p e ,  and t h e  ground
work l a i d ,  f o r  a summation o f  t h e  r e s e a r c h  t h a t  has been done to
ward s o l v i n g  t h e  problem o f  thermal  s e n s i n g  from s a t e l l i t e s  and 
the r e l a t e d  i n v e r s e  problems of s a t e l l i t e  meteorology. The pre
s e n t  monograph r e p r e s e n t s  a f i rs t  a t tempt  i n  t h i s  d i r e c t i o n .  

It should  b e  no ted  t h a t  t h e  con ten t  of  t h e  monograph i s  not  
l i m i t e d  t o  examinat ion of t h e  atmospheric  thermal  s e n s i n g  problem. 
With a view t o  t h e  complex n a t u r e  o f  t h e  s u b j e c t  matter d i scussed ,  
the au tho r s  have made an e f f o r t  t o  i n c l u d e  examinat ion of t h e  r e 
l a t e d  problems whose s o l u t i o n  i s  c l o s e l y  r e l a t e d  t o  t h e  thermal- /4
s e n s i n g  problem. T h i s  r e f e r s  p r i m a r i l y  t o  de t e rmina t ion  of t h e  
mois ture  conten t  and v e r t i c a l  water-vapor c o n c e n t r a t i o n  d i s t r i b u 
t i o n  i n  t h e  atmosphere.  

S o l u t i o n  of  t h e s e  problems w i l l  depend b a s i c a l l y  on t h e  s t a t e  
of  ou r  knowledge o f  t h e  laws governing t r a n s f e r  of  i n f r a r e d  and 
microwave r a d i a t i o n  i n  t h e  atmosphere. For t h i s  r eason ,  Chapter
1 i s  devoted t o  t h e  theo ry  of  i n f r a r e d  and microwave r a d i a t i v e  
t r a n s f e r ,  w i t h  a s p e c i a l  d e t a i l e d  a n a l y s i s  of  t h e  p r e s e n t  s t a t e  of 
t h e  problem of de te rmining  t h e  atmosphere 's  t r a n s m i s s i o n  func t ions  
i n  v a r i o u s  r eg ions  of  t h e  spectrum. 

Chapter 2 d i s c u s s e s  t h e  s e t  of  problems involved  i n  develop
ment of i n s t r u m e n t a t i o n  and in fo rma t ion  on t h e  laws governing t h e  
angu la r  and s p e c t r a l  d i s t r i b u t i o n s  of  t h e  outgoing  thermal  radia
t i o n ,  which i s  b a s i c  t o  s o l u t i o n  o f  t h e  thermal -sens ing  problem. 

Chapter 3 examines p rogres s  made toward de te rmina t ion  of 
under ly ing-sur face  or cloud-top tempera tures  from outgoing-radia
t i o n  measurements made i n  t h e  atmosphere 's  t r anspa rency  windows. 
I n  a d d i t i o n  t o  t h e o r e t i c a l  developments, a l a r g e  amount of  expe r i 
mental  m a t e r i a l  from s a t e l l i t e  measurements has a l r e a d y  been ac
cumulated i n  t h i s  f i e l d .  I n  t h i s  c o n t e x t ,  t h e  c h a p t e r  d i s c u s s e s  
t h e  va r ious  p o s s i b i l i t i e s  open f o r  i n t e r p r e t a t i o n  of data on t h e  
outgoing i n f r a r e d  f i e l d ,  t h e  fundamental  problems o f  acqu i r ing  and 
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ana lyz ing  i n f r a r e d  p i c t u r e s  of t h e  cloud cover  and under ly ing  s u r 
f a c e ,  de t e rmina t ion  of mois ture  conten t  i n  t h e  lower atmosphere, 
e t c .  

Chapter 4 i s  concerned wi th  t h e  problem o f  semiempir ica l  i n 
t e r p r e t a t i o n  o f  measured outgoing thermal  r a d i a t i o n  on t h e  basis 
of  c o r r e l a t i o n s  between t h e  outgoing r a d i a t i o n  and t h e  va r ious  
me teo ro log ica l  parameters ,  a s  w e l l  as wi th  t h e  purpose of  d e t e r 
mining s t r a t o s p h e r e  tempera tures .  

Chapter 5 i s  devoted t o  problems i n  t h e  t h e o r e t i c a l  i n t e r 
p r e t a t i o n  and p r a c t i c a l  s o l u t i o n  of  t h e  g e n e r a l  problem of  deter
mining t h e  atmosphere 's  v e r t i c a l  temperature  p r o f i l e  from t h e  
outgoing thermal  r a d i a t i o n  spectrum. Chapter 6 examines t h e  prqb
lem of  de te rmining  mois ture  d i s t r i b u t i o n  w i t h i n  a s i m i l a r  frame
work. 

Chapters  2-4 were w r i t t e n  by K . Y a .  Kondratj'yev and Chapters 
1, 5 ,  and 6 by Yu.M. Timofeyev ( $ 2  of  Chapter 5 w a s  p repared  by
O.M. Pokrovskiy) .  

The au tho r s  express  t h e i r  h e a r t f e l t  g r a t i t u d e  t o  B . D .  Panin 
and V.G.  Boldyrev f o r  t h e i r  c a r e f u l  review o f  t h e  manuscr ipt  and 
t o  G . M .  Shved, A . P .  G a l ' t s e v ,  and O.V. Afanas'yeva, who examined 
c e r t a i n  chap te r s  and o f f e r e d  a number of v a l u a b l e  comments. 

The au tho r s  thank i n  advance any r eade r s  who d i r e c t  comments 
and c r i t i c i s m s  t o  Leningrad,  B-53 ,  2-ya l i n i y a ,  d .  2 3 ,  Gidromet
e o i  zda t  . 
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Ch'apter 1 

FUNDAMENTALS OF T H E  THEORY OF I N F R A R E D  AND 
MICROWAVE R A D I A T I V E  TRANSFER I N  

THE ATMOSPHERE 

Many monographs have been devoted t o  t he  theo ry  o f  r a d i a t i v e  
t r a n s f e r  i n  p l a n e t a r y  atmospheres.  For a de ta i l ed  s t u d y  of radia
t i v e  transfer i n  t h e  e a r t h ' s  atmosphere,  w e  re fe r  t h e  reader t o  
the s p e c i a l i z e d  l i t e r a t u r e  [l-61. The p r e s e n t  c h a p t e r  w i l l  p re 
s e n t  only the  in fo rma t ion  necessary  f o r  unders tanding  of  t h e  
book's b a s i c  c o n t e n t ,  apart from g i v i n g  a t t e n t i o n  t o  c e r t a i n  
s p e c i a l  problems i n  t h e  theo ry  o f  thermal r a d i a t i v e  t r a n s f e r  i n  
t he  atmosphere ( t h e  problem o f  t r a n s m i s s i o n  f u n c t i o n s ,  approxi
mate methods of thermal r a d i a t i v e  t r a n s f e r  t h e o r y )  t ha t  p l ay  an  
impor tan t  r o l e  i n  s o l u t i o n  of t h e  problems to be  cons ide red  la te r .  

$1. THE E Q U A T I O N  O F  THERMAL-RADIATION TRANSFER 

A r a d i a t i o n  f i e l d  i s  c h a r a c t e r i z e d  by a number of q u a n t i t i e s  
among which t h e  r a d i a n t  i n t e n s i t y  Ju i s  b a s i c .  I f  dEu i s  t h e  

r a d i a n t  energy p a s s i n g  p e r  u n i t  t i m e  d t  through u n i t  area do pe r 
pend icu la r  t o  t h e  p ropaga t ion  d i r e c t i o n  i n  the  frequency range du 
(from u t o  u + d u )  i n  a s o l i d  ang le  dQ, t he  i n t e n s i t y  i s  deter
mined by the e x p r e s s i o n  

dE, =J ,  dida dv dQ. 

Other  q u a n t i t a t i v e  c h a r a c t e r i s t i c s  o f  a r a d i a t i o n  f i e l d  ( f l u x ,
f l u x  d e n s i t y ,  e t c . )  can e a s i l y  b e  found i f  t h e  i n t e n s i t y  i s  known. 
For example, t h e  r a d i a n t  f l u x  i n  a s o l i d  a n g l e  i s  

I n  the g e n e r a l  ca se ,  r a d i a n t  i n t e n s i t y  depends on the  t i m e  4, /6
t h e  space  p o i n t  under  examinat ion M(x, y ,  z ) ,  and t h e  d i r e c t i o n  
r ,  i . e . ,  J , = = f , ( t ,  M(s. y, z) ,  r ) .  However, w e  sha l l  be concerned below 
only w i t h  a s t a t i o n a r y  r a d i a t i o n  f i e l d ,  i . e . ,  w e  sha l l  assume t h a t  
J f f ( t ) *  



It i s  q u i t e  o f t e n  necessa ry  t o  deal w i t h  r a d i a t i o n  c h a r a c t e r 
i s t i c s  t ha t  are referred n o t  t o  a u n i t  frequency i n t e r v a l ,  b u t  t o  
an a r b i t r a r y  i n t e r v a l  Av = v 2  - VI, whose l i m i t s  are V I  and v 2 .  

We then have 

R a d i  a tion c h a r a c t e r i s t i c s  referred t o  the  e n t i r e  sDectrum are 
conven t iona l ly  known as i n t e g r a l  c h a r a c t e r i s t i c s ,  a l though t h i s  
t e r m  i s  a l s o  f r e q u e n t l y  a p p l i e d  t o  q u a n t i t i e s  de f ined  f o r  s p e c i f i c
a b s o r p t i o n  bands.  Apart from f requency ,  the  wavelength X = c/v
(here c i s  the v e l o c i t y  o f  l i g h t )  and the  wave number v '  = 1/X are 
used t o  c h a r a c t e r i z e  r a d i a t i o n ,  t he  l a t t e r  p a r t i c u l a r l y  o f t e n .  

I n  space ,  where t h e r e  i s  no i n t e r a c t i o n  between the  r a d i a t i o n  
and the  medium, t he  r a d i a n t  i n t e n s i t y  Jv remains c o n s t a n t  a long  a 
g iven  l i n e  o f  s i g h t .  T h e  radiation-medium i n t e r a c t i o n  can be  de
s c r i b e d  by the  r a d i a t i v e - t r a n s f e r  equa t ion .  The d e r i v a t i o n  o f  
t h i s  equa t ion  can be  found i n  [ I -63 .  

Absorpt ion and emiss ion  c o e f f i c i e n t s  are u s u a l l y  in t roduced  
t o  c h a r a c t e r i z e  the  i n t e r a c t i o n  between the  r a d i a t i o n  and t h e  
medium i n  t he  macroscopic approach. The  abso rp t ion  c o e f f i c i e n t  
i s  d e f i n e d  by t h e  e x p r e s s i o n  

where dJ, i s  t he  change i n  t h e  o r i g i n a l  i n t e n s i t y  Jv a long  p a t h  
d s ,  p i s  t h e  d e n s i t y  o f  t h e  absorb ing  gas, and k, i s  t h e  absorp
t i o n  c o e f f i c i e n t  c a l c u l a t e d  p e r  u n i t  mass of t h e  absorb ing  gas .
R e l a t i o n  ( 1 . 4 )  can b e  w r i t t e n  i n  s l i g h t l y  d i f f e r e n t  forms, depend
i n g  on t h e  u n i t s  used [31. 

Various f a c t o r s  may cause t h e  r a d i a n t  i n t e n s i t y  t o  change
a long  p a t h  ds .  W e  sha l l  b e  i n t e r e s t e d  b a s i c a l l y  i n  t r u e  absorp
t i o n ,  which c o n s i s t s  i n  t h e  t r a n s f o r m a t i o n  of  r a d i a n t  energy i n t o  
i n t e r n a l  energy of t h e  gas  molecules .  I n  t h e  g e n e r a l  c a s e ,  radia
t i o n  may a l s o  be a t t e n u a t e d  by s c a t t e r i n g .  However, w e  s h a l l  as
sume tha t  the c o n t r i b u t i o n  of s c a t t e r i n g  can be d i s r e g a r d e d  f o r  
t h e  spe . c t r a1  r e g i o n  ( i n f r a r e d  and microwave) and p ropaga t ion  con
d i t i o n s  under cons ide ra t ion . .  T h i s  assumption i s  a t  v a r i a n c e  w i t h  
r e a l i t y  only i n  c e r t a i n  c a s e s ,  which w i l l  be  d i scussed  i n  g r e a t e r
d e t a i l  below. 

The r e l a t i o n s h i p  d e f i n i n g  t h e  emiss ion  c o e f f i c i e n t  t a k e s  t h e  /7
form 
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A s  w e  see from (1.51, t he  emission c o e f f i c i e n t  cV i s  the 
amount of energy radiated p e r  u n i t  t i m e  i n  a u n i t  f requency i n 
t e r v a l  and a u n i t  s o l i d  a n g l e  by a u n i t  o f  mass. For t h e  condi
t i o n s  o f  i n t e r e s t  t o  us, t h e  emiss ion  c o e f f i c i e n t  w i l l  b e  governed
b a s i c a l l y  by t h e  t r a n s f o r m a t i o n  o f  gas-molecule i n t e r n a l  energy t o  
r a d i a n t  energy.  

I n  the  absence o f  s c a t t e r i n g ,  t h e  equa t ion  of thermal  radia
t i v e  t r a n s f e r  can be  w r i t t e n  

If t h e  a b s o r p t i o n  and emiss ion  c o e f f i c i e n t s  are  g iven  as 
f u n c t i o n s  of t h e  c o o r d i n a t e s ,  t he  t r a n s f e r  equa t ion  can e a s i l y  b e  
ob ta ined  i n  i n t e g r a l  form, t h e  s p e c i f i c  form depending on t h e  
geometry of  t h e  medium i n  which t h e  r a d i a t i o n  i s  t r a n s f e r r e d  and 
on boundary c o n d i t i o n s .  For example, i n  t h e  case  o f  the  plane-
p a r a l l e l  model o f  t h e  atmosphere w i t h  t he  boundary c o n d i t i o n  a t  
t h e  ground s u r f a c e  

w e  have f o r  t he  r a d i a n t  i n t e n s i t y  i n t o  t he  upper hemisphere a t  
h e i g h t  -z 

I4f* 0 (2') cxp [-a5 k"(a") p (z")da"1p (z') dz', (1.8)
0 I .  

where z i s  t h e  v e r t i c a l  coord ina te  reckoned from t h e  ground su r 
f a c e  aiid 0 i s  t h e  a n g l e  between t h e  propagat ion  d i r e c t i o n  and t h e  
-z-axis .  

The p h y s i c a l  s i g n i f i c a n c e  of t h e  terms i n  ( 1 . 8 )  i s  q u i t e
s imple :  t h e  f i rs t  t e r m  r e p r e s e n t s  t h e  s u r f a c e  r a d i a t i o n  t h a t  has 
reached h e i g h t  z and t h e  second t h e  r a d i a t i o n  gene ra t ed  by the  
atmospheric  layer from 0 t o  z. The q u a n t i t y  

L' 
I k,(:")p(z")&" 1= /',(O, z. 2') (1.9) 

I 
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is known as t h e  monochromatic t r ansmiss ion  f u n c t i o n  and c h a r a c t e p
i z e s  the f r a c t i o n  of t he  r a d i a t i o n  t h a t  has passed  through t h e  at
mospheric l aye r  between l e v e l s  5 and z '  i n  d i r e c t i o n  0 w i t h  re
s p e c t  t o  t h e  v e r t i c a l .  

The s p e c i f i c  form of t h e  a b s o r p t i o n  and emiss ion  c o e f f i c i e n t s  
depends on t h e  i n t e r a c t i o n s  between the  r a d i a t i o n  and t h e  medium. 
A s  w e  have no ted ,  w e  assume i n  ou r  problems t h a t  the  s c a t t e r i n g
e f f e c t  can b e  d i s r e g a r d e d .  There i s  s u f f i c i e n t  basis f o r  t h i s  
assumption i n  t h e  case  o f  a c l o u d l e s s  atmosphere ove r  almost t h e  
e n t i r e  i n f r a r e d  r e g i o n  of t h e  spectrum. T h i s  i s  because the  i n 
t e n s i t y  of RapTeigh s c a t t e r i n g  ( p a r t i c l e  s i z e s  much smaller t h a n  
the  wavelength of t h e  s c a t t e r e d  r a d i a t i o n )  i s  i n v e r s e l y  propor
t i o n a l  t o  t he  f o u r t h  power of t h e  wavelength A .  Rayleigh s c a t t e r 
i n g  can b e  a s i g n i f i c a n t  f a c t o r  only i n  t he  nea r  i n f r a r e d .  How
e v e r ,  s c a t t e r i n g  cannot be  t o t a l l y  d i s r ega rded  f o r  c louds and fogs
under c o n d i t i o n s  of  h igh  a e r o s o l  t u r b i d i t y  of t h e  atmosphere.
S u f f i c i e n t  data has now been accumulated t o  i n d i c a t e  t h e  n e c e s s i t y
of a l lowing  f o r  s c a t t e r i n g  on l a r g e  p a r t i c l e s  i n  such c a s e s ,  es
p e c i a l l y  i n  t h o s e  s p e c t r a l  r e g i o n s  i n  which r a d i a t i o n  i s  n o t  ab
sorbed .  Cons ide ra t ion  o f  s c a t t e r i n g  i n  these r eg ions  of t he  spec
trum g r e a t l y  compl ica tes  s o l u t i o n  of the problems i n  which w e  are 
i n t e r e s t e d  and the  s c a t t e r i n g  e f f e c t  i s  t aken  i n t o  account  approx
i m a t e l y  a t  bes t .  

l e m  i n v o l v i n g  s c a t t e r i n g  i s  

the  need t o  take account  o f  

I 8 -
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The data of  0.1. Popov e t  a l .  

3 6 - \ C81 i n d i c a t e  tha t  t he  i n f l u e n c e  of 
L - \ r e f l e c t e d  s u n l i g h t  i s  d i s c e r n e d  
i 4 - \ a l l  t he  way t o  wavelengths of  4.6-
Io \ 4 . 7  pm. F igu re  1 . 2 ,  which has-N \ been borrowed from R. McClatchey 
5 2 - \ [g  1, c h a r a c t e r i z e s  the  con t r ibu >
M \ t i o n s  made t o  t h e  outgoing  radia
al 


0 I t 1 t i o n  as measured on a s a t e l l i t e  

m a l  Rad ia t ion  (2) .  
A l l  o f  t h i s  i n d i c a t e s  t h a t  

s p e c i a l  r e s e a r c h  must be c a r r i e d  
out t o  s o l v e  t h e  problem of a l lowing  f o r  s c a t t e r e d  s u n l i g h t  i n  -
the  range  around 4-5 pm i n  i n t e r p r e t i n g  r a d i a t i o n  data.  /9 

Dis regard ing  the  i n f l u e n c e  of s c a t t e r i n g  g r e a l y  s i m p l i f i e s
s o l u t i o n  of t h e  atmospheric  r a d i a t i v e  t r a n s f e r  equa t ion .  Another 
h i g h l y  impor tan t  s i m p l i f i c a t i o n  t h a t  i s  used i n  s t u d y  o f  thermal  
r a d i a t i v e  t r a n s f e r  i s  t h e  assumption t h a t  l o c a l  thermodynamic
e q u i l i b r i u m  o b t a i n s  [ l - 4 ,  lo]. F a i l u r e  to t ake  account  of s c a t 
t e r i n g  and t h e  e x i s t e n c e  of t h e  l o c a l  thermodynamic e q u i l i b r i u m
( 1 . t . e . )  has as a consequence t h a t  t he  emiss ion  c o e f f i c i e n t  does 
not  depend on r a d i a n t  i n t e n s i t y .  It i s  a l s o  impor tan t  t h a t  Kirch
h o f f ' s  l a w  a p p l i e s  under 1 . t . e .  c o n d i t i o n s ,  assuming s a t i s f a c t i o n  
of the  fo l lowing  r e l a t i o n  between t h e  emiss ion  and a b s o r p t i o n  /a
c o e f f i c i e n t s  : 

(1.10) 


where 

i s  t h e  i n t e n s i t y  of  a b s o l u t e  black-body emiss ion ,  which i s  a uni
v e r s a l  f u n c t i o n  of tempera ture  and frequency.  

The Wien approximation 

a 




1.1 

2hv3 ( l . l l b )B,(T)=- CZ 

f o r  B(v,  T )  i s  v a l i d  w i t h  h igh  accuracy i n  t h e  near  i n f r a r e d ,  and 
the Ray l e igh - Je  ans approximation 

i n  t h e  microwave r e g i o n .  

W e  n o t e  t h a t  i n  t h e  microwave r e g i o n ,  (1.11~)i s  commonly
used t o  c h a r a c t e r i z e  t h e  s p e c t r a l  r a d i a n t  i n t e n s i t y  Jv i n  terms 
of t h e  r a d i o  b r i g h t n e s s  tempera ture  [ll]. By d e f i n i t i o n ,  Tr i s  
t h e  tempera ture  of t h e  a b s o l u t e  black-body emission whose i n t e n 
s i t y  e q u a l s  Jy ,  i . e . ,  

(1.12) 


The q u e s t i o n  as t o  whether 1 . t . e .  cond i t ions  can be s a t i s f i e d  
f o r  the  ea r th ' s  atmosphere has been d i s c u s s e d  i n  a number of  
papers  [12, 131. Because of t h e  low frequency of  molecular  c o l l i 
s i o n s  and the  s h o r t  l i fe t imes  of e x c i t e d  moleculaP s t a t e s ,  w e  
should expect  t he  e x c i t e d - s t a t e  d i s t r i b u t i o n  of the  molecules i n  
the  upper a tmospheric  l a y e r s ,  beginning  a t  c e r t a i n  a l t i t u d e s ,  t o  
be determined n o t  by c o l l i s i o n  p r o c e s s e s ,  b u t  by  e x t e r n a l  radia
t i o n ,  whose r a d i a t i o n  tempera ture  may d i f f e r  from t h e  k i n e t i c  
tempera ture  of t h e  g a s .  I n  t h i s  ca se ,  t h e  emiss ion  p rocesses  de
pend, as  when s c a t t e r i n g  i s  t aken  i n t o  account ,  on t h e  unknown 
r a d i a n t  i n t e n s i t y ,  and t h i s  g r e a t l y  compl ica tes  t h e  r a d i a t i v e -
t r a n s f e r  problem. For t h e  s p e c t r a l  r e g i o n  of i n t e r e s t  t o  u s ,  de
v i a t i o n s  from 1 . t . e .  are b e s t  observed f o r  the  o s c i l l a t o r y  s ta tes  
of t h e  gas molecules .  Even f o r  o s c i l l a t o r y  t r a n s i t i o n s ,  however, 
Eq. ( 1 . 1 0 )  i s  bes t  a p p l i c a b l e  up t o  50-70 km above t h e  ear th ' s  
s u r f a c e .  When w e  c o n s i d e r  t ha t  i t  i s  p r e c i s e l y  t h e  lowermost 50
k i lome te r  l a y e r  of t he  atmosphere t h a t  i s  r e s p o n s i b l e  f o r  t he  
thermal  emiss ion  of t h e  ear th-atmosphere system i n  most of t h e  /11
problems w i t h  which w e  are concerned, w e  c a n . h a r d l y  expec t  t h e  
d e v i a t i o n s  from 1 . t . e .  t h a t  a re  observed i n  t he  upper l a y e r s  of 
the atmosphere t o  be  a s u b s t a n t i a l  f a c t o r  i n  s o l u t i o n  of t h e  
problems examined i n  t h i s  book. It might be supposed tha t  devia
t i o n s  from the e x i s t e n c e  c o n d i t i o n s  o f  1 . t .e .  would be impor tan t
i n  shaping  emiss ion  a t  h igh  a l t i t u d e s  a t  l a r g e  n a d i r  and z e n i t h  
a n g l e s ,  i . e . ,  f o r  p a t h s  tha t  are l a r g e l y  i n  the  a tmospher ic  l a y e r s  
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above .50 k m .  However, the  r e d u c t i o n  of r o c k e t  i n f r a r e d  measure
ments on t h e  assumption t h a t  1 . t . e .  e x i s t s  [14] f a i l e d  t o  i n d i 
c a t e  any marked d e v i a t i o n s  o f  r a d i a t i o n  t empera tu re  from t h e  
k i n e t i c  tempera ture  of  t h e  atmosphere up t o  70-80 km (Reference
C141 analyzed t h e  r e s u l t s  of measurements i n  t h e  15-pm carbon 
d iox ide  band) .  Thus, i t  may be assumed t h a t  Express ions  ( 1 . 1 0 )
and (1.11) a r e  good approximations of t h e  rea l  s i t u a t i o n  f o r  our 
p a r t i c u l a r  problems. 

Applying (l.lO), (1.111, and,  f o r  example, (1 .81,  and having
data on the d i s t r i b u t i o n  of tempera ture  T ,  t he  d e n s i t y  p of t h e  
absorb ing  matter, and the  a b s o r p t i o n  c o e f f i c i e n t  as a f u n c t i o n  of  
z w e  can c a l c u l a t e  t h e  r a d i a n t  i n t e n s i t y  a t  any p o i n t  i n  space
and i n  any d i r e c t i o n  8 ( h e r e  and below, w e  s h a l l  assume az imutha l  
symmetry of t h e  thermal emiss ion  f i e l d  and, consequent ly ,  J f f ( $ ) ,  
where 9 i s  the  azimuth a n g l e ) .  Nor does t h e  c a l c u l a t i o n  o f  J, 
p r e s e n t  fundamental d i f f i c u l t i e s  w i t h  o t h e r  geometries of t h e  rad
i a t i n g  medium (e .g . ,  s p h e r i c a l  atmosphere) o r  boundary cond i t ions  
o t h e r  t han  (1.71,  a l though t h e  volume of t he  c a l c u l a t i o n s  i s  some
t i m e s  s u b s t a n t i a l l y  larger .  

The fo l lowing  boundary c o n d i t i o n  a t  t h e  lower  l i m i t  o f  the  
atmosphere ( e a r t h ' s  s u r f a c e  o r  upper l i m i t  of  c loudage)  i s  most 
f r e q u e n t l y  used i n  c a l c u l a t i o n s  of outgoing thermal  r a d i a t i o n :  

T h i s  c o n d i t i o n  s i g n i f i e s  t h a t  t h e  s u r f a c e  o f  the  earth o r  
cloudage radiates as an a b s o l u t e l y  b l ack  body a t  t he  s u r f a c e  t e m 
p e r a t u r e .  Although t h i s  assumption i s  j u s t i f i e d  i n  many c a s e s ,  
i t  i s  f a r  from a c c u r a t e  f o r  c e r t a i n  r a d i a t i n g  s u r f a c e s  (see Chap
t e r  3 ) .  The concept of e m i s s i v i t y  i s  i n t r o d u c e d  t o  take account  
of t h e  nonblackness o f  the s u r f a c e s ;  i t  i s  d e f i n e d  as t h e  r a t i o  
of t h e  e n e r g i e s  e m i t t e d  b y  t h e  r e a l  and b l a c k  bod ies  a t  t h e  same 
tempera ture .  Here i t  i s  necessary  t o  d i s t i n g u i s h  s p e c t r a l  e m i s 
s i v i t t e s  E,, i n t e g r a l  e m i s s i v i t i e s  E ,  which are referred t o  the 
e n t i r e  emission spectrum, and hemisphe r i ca l  e m i s s i v i t i e s  c, which 
are d e f i n e d  f o r  r a d i a n t  f l u x e s .  Genera l ly  speak ing ,  e m i s s i v i t y
depends on t h e  type  and form o f  the  s u r f a c e ,  wavelength,  and t h e  
a n g l e  between the  s u r f a c e  normal and t h e  l i n e  of s i g h t .  I n  t h i s  /12 
case ,  i f  t h e  e m i s s i v i t y  

t h e  body i s  sa id  t o  b e  grey .  N a t u r a l l y ,  < 1 f o r  a l l  bodies .  
I n  a c t u a l i t y ,  t h e  approximation of (1.13) i s  no t  always sa t i s f ied  
w i t h  s u f f i c i e n t  accuracy .  T h i s  i s  mani fes ted  i n  dependence of 
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e m i s s i v i t y  on bo th  frequency and s i g h t i n g  angle .  S u b s t a n t i a l  a n i 
so t ropy  o f  emiss ion  i s  observed for a number of s u r f a c e s .  These 
bodies  radiate  much less  energy a t  l a r g e  s i g h t i n g  ang le s  t h a n  at  
s m a l l  ones .  T h i s  e f f e c t  i s  most pron.ounced f o r  smooth water s u r 
f a c e s .  It was f o r  t h i s  case t h a t  t h e  i n f l u e n c e  of t h e  angle  de
pendence o f  e m i s s i v i t y  on the  outgoing r a d i a t i o n  was eva lua ted  i n  
K . Y e .  Yakushevskaya's paper  C151. It was found tha t  E,(�)) may 
p lay  a s u b s t a n t i a l  r o l e  i n  shaping t h e  angu la r  s t r u c t u r e  of the  
outgoing thermal  r a d i a t i o n  i n  t h e  s p e c t r a l  i n t e r v a l s  of weak ab
s o r p t i o n .  The  d i f f e r e n c e s  from blackness  are no t  very l a r g e  f o r  
the hemisphe r i ca l  e m i s s i v i t y  [l, 1 6 3 .  

Appreciable  d e v i a t i o n s  from the  p r o p e r t i e s  of a b s o l u t e l y
b l a c k  r a d i a t o r s  are  observed for c louds ,  and e s p e c i a l l y  f o r  i n t e r 
mediate and h igh - l eve l  c louds [ 1 6 ,  171 (see Chapter 3 ) .  I n  s p i t e
of a l l  the  above, t h e  p rocesses  i n  which r a d i a t i o n  i n t e r a c t s  w i t h  
the  s u r f a c e  are seldom taken  i n t o  account  i n  all t h e i r  complexity
i n  thermal r a d i a t i o n  c a l c u l a t i o n s .  I n  s o l u t i o n  of  the problems
c o n s t i t u t i n g  t h e  s u b j e c t  ma t t e r  of t h i s  book, t h e  d e v i a t i o n s  of 
t h e  r a d i a t i n g  s u r f a c e  f r o m  b lackness  are an impor tan t  f a c t o r  i n  
de te rmining  under ly ing-sur face  tempera ture  ( f o r  g r e a t e r  d e t a i l ,  
see Chapter 3 ) .  

s2 .  ABSORPTION O F  R A D I A T I O N  BY GASES 

Knowledge of t h e  a b s o r p t i o n  c o e f f i c i e n t s  and t h e  manner i n  
which t h e y  depend on p h y s i c a l  v a r i a b l e s  - t empera ture  and pres
s u r e  - enab les  us t o  c a l c u l a t e  a l l  necessary  c h a r a c t e r i s t i c s  of 
the  r a d i a t i o n  f i e l d .  The most r e l i ab le  in fo rma t ion  on a b s o r p t i o n
c o e f f i c i e n t s  or q u a n t i t i e s  r e l a t ed  t o  them ( t r a n s m i s s i o n  func t ions )  
are ob ta ined  by experiment .  Analysis  of t h e  i n t e r a c t i o n s  between 
the r a d i a t i o n  and t h e  gaseous atmosphere i s  r e q u i r e d  f o r  t h e o r e t i 
c a l  s tudy  o f  t he  a b s o r p t i o n  c o e f f i c i e n t s .  Among the  many proc
esses t h a t  r e s u l t  i n  a b s o r p t i o n ,  w e  s h a l l  b e  i n t e r e s t e d  only i n  
t h o s e  t h a t  determine a b s o r p t i o n  i n  t h e  i n f r a r e d  and microwave re 
g ions .  

It i s  known t h a t  t h e  b a s i c  gaseous c o n s t i t u e n t s  o f  the  a t 
mosphere - NP and 0 2  - have p r a c t i c a l l y  no a b s o r p t i o n  bands i n  t h e  
r e g i o n  of  t he  spectrum i n  which we are i n t e r e s t e d .  T h i s  i s  be
cause t h e y  have no e l e c t r i c a l  d i p o l e  moments. However, oxygen
has bands governed b y  magnetic d i p o l e  t r a n s i t i o n s  around A = 1 vm /A
and an a b s o r p t i o n  band i n  t h e  microwave r e g i o n .  Despi te  t h e  l o w  
a b s o r p t i o n  p r o b a b i l i t y  f o r  t h e s e  t r a n s i t i o n s ,  t h e  p re sence  of t h e  
l a r g e  amount o f  oxygen i n  t h e  e a r t h ' s  atmosphere makes these bands 
q u i t e  impor tan t  i n  t h e  t r a n s f o r m a t i o n  o f  r a d i a t i o n  i n  the  co r re 
sponding s p e c t r a l  r e g i o n s .  

However, most o f  t he  a b s o r p t i o n  i n  these s p e c t r a l  r e g i o n s  5 s  
governed by the  v i b r a t i o n a l - r o t a t i o n a l  and pu re ly  r o t a t i o n a l  ab
s o r p t i o n  s p e c t r a  o f  water vapor ,  carbon d iox ide ,  and ozone. De
t a i l ed  d e s c r i p t i o n s  o f  t he  i n f r a r e d  s p e c t r a  o f  these molecules can 
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be found i n  r l -5 ,  18-20]; t h e  microwave a b s o r p t i o n  of t h e  gases
i s  d i scussed  i n  [ll, 21 ,  '221. Various data on t h e  a b s o r p t i o n
c h a r a c t e r i s t i c s  w i l l  be examined below as t h e  s o l u t i o n s  o f  s p e c i f 
i c  problems are ,handled. We n o t e  h e r e  only t h a t  t h e  most impor
tant water-vapor bands are t h o s e  c e n t e r e d  a t  wavelengths  of 1 .3 ,  
2.7, and 6 .3  pm and the  r o t a t i o n a l  band whose i n f l u e n c e  i s  f e l t  
i n  a broad r e g i o n  of t h e  spectrum from h CI, 1 0  p m  to t h e  r a d i o  
r eg ion .  The  most i n t e n s e  COZ abso rp t ion  bands a re  found around 
4 .3  and l5pm; ozone has an i n t e n s e  band a t  around 9 .6  pm. 

The r o l e  o f  t h e  v a r i o u s  gases  i n  t r ans fo rming  thermal  radia
t i o n  depends no t  only on t h e  presence  of s t r o n g  a b s o r p t i o n  bands 
i n  the  a p p r o p r i a t e  s p e c t r a l  r e g i o n ,  b u t  a l s o  on t h e  con ten t  o f  
t h e  absorb ing '  gas  i n  t h e  atmosphere. Details on t h e  composi t ion
of t h e  atmosphere can be found i n  [ 2 ,  231. Here w e  n o t e  only t ha t  
a b s o r p t i o n  by water vapor  i s  d e c i s i v e  i n  t h e  t roposphe re ,  where 
i t  i s  commensurate w i t h  t h e  carbon d iox ide  a b s o r p t i o n  i n  t h e  
s t r a t o s p h e r e .  I n  t h e  mesosphere,  t r a n s f o r m a t i o n  of r a d i a t i o n  i s  
governed p r i m a r i l y  by carbon d iox ide .  Ozone i s  of  a p p r e c i a b l e  i m 
po r t ance  i n  the s t r a t o s p h e r e  and mesosphere. Aside from these 
gases ,  secondary absorb ing  atmospheric  components such as C O Y  
C H t , , ' N 2 0  [l5, 2 4 1  and, as w e  i n d i c a t e d  above, oxygen may have a 
c e r t a i n  i n f l u e n c e  on t h e  outgoing r a d i a t i o n  i n  c e r t a i n  narrow spec
t r a l  i n t e r v a l s .  

The fo i lowing  may a l s o  be sou rces  o f  a b s o r p t i o n  under c e r t a i n  
c o n d i t i o n s  i n  t h e  wavelength range under c o n s i d e r a t i o n :  a b s o r p t i o n  
by dimers ,  induced a b s o r p t i o n ,  a e r o s o l  a b s o r p t i o n .  The dimer 
mechanism of  a b s o r p t i o n  beg ins  to come i n t o  ev idence  a t  h igh  den
s i t i e s  o f  t h e  absorb ing  gas .  For example , water-vapor molecules 
may form s u b s t a n t i a l  amounts of dimers by hydrogen bonding even 
under high-humidity c o n d i t i o n s  i n .  t he  lower l a y e r s  of t h e  e a r t h ' s  
atmosphere ( acco rd ing  to estimates by A . A .  Vik torova  and S.A. 
Zhevakin [26], t h e  number o f  dimers may r u n  to about  0 . 1 %  of t h e  
number o f  monomers). C a l c u l a t i o n s  c a r r i e d  out i n  [25] i n d i c a t e  
t h a t  t h e  c o n t r i b u t i o n  of dimers t o  a b s o r p t i o n  i n  t h e  t r anspa rency
windows f o r  wavelengths X > 1 mm i s  approximately t h e  same as t h e  
monomer c o n t r i b u t i o n .  Only a t  X < 0 . 7  mm does t h e  d imer  c o n t r i - /14
b u t i o n  become n e g l i g i b l e .  The i n f l u e n c e  of dimers on i n f r a r e d  ab- 
s o r p t i o n  has been almost  t o t a l l y  n e g l e c t e d  ( a n  excep t ion  i s  [27 ] ,
where the  i n f l u e n c e  of oxygen complexes on a b s o r p t i o n  i n  t h e  v i s i 
b l e  and n e a r  i n f r a r e d  i s  i n v e s t i g a t e d ) .  

The a b s o r p t i o n  mechanisms t o  which t h e  t e r m  "induced" i s  usu
a l l y  a p p l i e d  beg in  t o  appear  a t  h igh  p r e s s u r e s  i n  t he  gaseous 
atmosphere.  They are  mani fes ted  i n  t h e  a b s o r p t i o n  of  r a d i a t i o n  
i n  fo rb idden  v i b r a t i o n a l  frequency r e g i o n s  (for example , i n  t h e  
r eg ion  of t h e  symmetr ical  v 1  v i b r a t i o n  f o r  t h e  Con molecule)  a s  a 
r e s u l t  of r e c i p r o c a l  deformation of e l e c t r i c - c h a r g e  d i s t r i b u t i o n s  
i n  the  molecules  du r ing  c o l l i s i o n s  and t h e  appearance of an e l e c 
t r i c a l  d i p o l e  moment. The induced a b s o r p t i o n  i s  approximately
p r o p o r t i o n a l  t o  the squa re  of gas  p r e s s u r e  [ 2 8 ]  and i s  t h e r e f o r e  
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e a s i l y  d i s t i n g u i s h e d  from a b s o r p t i o n  due t o  magnet ic  d i p o l e  and 
e l e c t r i c a l  quadrupole  t r a n s i t i o n s .  Induced a b s o r p t i o n  may a l s o  
be manifested i n  t h e  appearance of a b s o r p t i o n  bands i n  t h e  spec
t r a  a t  f r equenc ie s  e q u a l  t o  t he  sum and d i f f e r e n c e  o f  v i b r a t i o n a l  
f r equenc ie s  o f  two d i f f e r e n t  molecules .  One p o s s i b i l i t y  i s  the  
appearance of s imultaneous v i b r a t i o n a l  t r a n s i t i o n s  i n  C O Z - H Z ,  
C O 2 - 0 2 ,  C O Z - N ~ ,  and o t h e r  mix tu res .  T h i s  mechanism may a c q u i r e
p a r t i c u l a r l y  g r e a t  importance i n  t h e  atmosphere o f  Venus, where 
t h e . p r e s s u r e s  range t o  s e v e r a l  t e n s  o f  atmospheres.  Induced ab
s o r p t i o n  i s  of no p r a c t i c a l  importance under t e r r e s t r i a l  condi
t i o n s .  

Aerosol  a b s o r p t i o n  i s  capable  o f  e x e r t i n g  a much s t r o n g e r
i n f l u e n c e  on the  t r a n s f o r m a t i o n  of r a d i a t i o n  under t e r r e s t r i a l  
c o n d i t i o n s .  W e  now have r a the r  l a r g e  bod ies  o f  exper imenta l  and 
t h e o r e t i c a l  data on t h e  laws governing a b s o r p t i o n  of i n f r a r e d  
r a d i a t i o n  by v a r i o u s  types  o f  a e r o s o l s .  For example, some i n 
format ion  on t h i s  problem can be  found i n  V.Ye.  Zuyev's monograph
C51. 

Cons ide ra t ion  o f  a d d i t i o n a l  mechanisms of i n t e r a c t i o n  between 
r a d i a t i o n  and gaseous environment g r e a t l y  complicates  s o l u t i o n  o f  
t h e  problems t o  be  d i s c u s s e d  below, and t h i s  i s  why these mecha
nisms are disregarded i n  many problems. However, t h e  p o s s i b l e
e f f e c t s  o f  these f a c t o r s  w i l l  be  eva lua ted  below i n  t h e  appropr i 
a te  c a s e s .  

The  f requency dependence of  t h e  a b s o r p t i o n  c o e f f i c i e n t  
governed by v i b r a t i o n a l - r o t a t i o n a l  t r a n s i t i o n s  o f  molecules i s  
determined by the  p o s i t i o n  of t h e  s p e c t r a l  l i n e  v o y  i t s  i n t e n s i t y  
S, i t s  ha l f -wid th  a, and the  shape o f  the  s p e c t r a l  l i n e .  The ab
s o r p t i o n  c o e f f i c i e n t  can u s u a l l y  be p r e s e n t e d  i n  t he  form 

where f ( v 0 ,  v )  i s  a f u n c t i o n  t h a t  c h a r a c t e r i z e s  t h e  contour  of t h e  
l i n e .  

The s p e c t r a l - l i n e  p o s i t i o n s  are  determined from t h e  familiar /15
Planck r e l a t i o n s h i p  

(1.14) 


Here, E1 and E P  are t h e  i n i t i a l  and f i n a l  energy l e v e l s  of  t h e  
molecules the  t r a n s i t i o n  between which r e s u l t s  i n  t h e  appearance
of a s p e c t r a l  l i n e  a t  f requency V O .  S o l u t i o n  of t he  SchrGdinger
equa t ion  [15, 161 y i e l d s  sets  of p o s s i b l e  energy va lues  co r re 
sponding t o  s t a t i o n a r y  s ta tes  o f  t he  p a r t i c u l a r  molecule.  The  
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s e l e c t i o n  r u l e s  and R e l a t i o n  (1.14) determine t h e  frequency a t  t he  
c e n t e r  of t h e  g-th s p e c t r a l  l i n e  V o i .  I n  f i r s t  approximation,  t h e  
v i b r a t i o n a l - r o t a t i o n a l  l e v e l s  of molecules a r e  determined by add
i n g  t h e  v i b r a t i o n a l  and r o t a t i o n a l  e n e r g i e s  a f t e r  f i n d i n g  them 
s e p a r a t e l y .  The theo ry  of t h e s e  problems i s  ana lyzed  i n  d e t a i l  i n  
the  works on t h e o r e t i c a l  spec t roscopy 118, 191 .  We might no te  
t h a t  t h e r e  i s  now a l a r g e  amount of  exper imenta l  material f o r  
b o t h  v i b r a t i o n a l  and r o t a t i o n a l  l e v e l s  of v a r i o u s  molecules .  The 
p o s i t i o n  accuracy of s p e c t r a l  l i n e s  ob ta ined  by f i r s t -approxima
t i o n  c a l c u l a t i o n  wi thou t  c o n s i d e r i n g  t h e  i n t e r a c t i o n  o f  the v i 
b r a t i o n a l  and r o t a t i o n a l  e n e r g i e s  u s u a l l y  sa t i s f ies  t h e  r e q u i r e 
ments t ha t  ar ise  i n  t h e  m a j o r i t y  of  i n f r a r e d  r a d i a t i v e  t r a n s f e r  
problems. The problem o f  l a s e r - l i g h t  t r a n s f e r  i n  t h e  atmosphere
i s  an excep t ion  [29] .  S u b s t a n t i a l  p r o g r e s s  has been made i n  r e 
cen t  yea r s  i n  computing s p e c t r a l - l i n e  p o s i t i o n s  w i t h  c o n s i d e r a t i o n  
of t h e  v i b r a t i o n a l - r o t a t i o n a l  energy i n t e r a c t i o n  [ 9 ,  191 .  There 
are a number of methods f o r  h i g h l y  a c c u r a t e  exper imenta l  determina
t i o n  of  t h e  l i n e  p o s i t i o n s .  On t h e  one hand, t h i s  g i v e s  an inde
pendent source  of t h e  necessa ry  l i n e - p o s i t i o n  in fo rma t ion ,  and, on 
t h e  o t h e r ,  i t  pe rmi t s  us to v e r i f y  and improve t h e  theo ry  by which 
these parameters  were c a l c u l a t e d .  T a b l e  1.1 g i v e s  c e r t a i n  char
a c t e r i s t i c s  of  t h e  accuracy of s p e c t r a l - l i n e  p o s i t i o n  c a l c u l a t i o n s  
i n  t h e  l5 -um carbon d i o x i d e  band, comparing data  o b t a i n e d  exper i 
menta l ly  and t h e o r e t i c a l l y  (columns 1 and 4 ) .  

The i n t e n s i t y  of t h e  s p e c t r a l  l i n e  a s s o c i a t e d  w i t h  t h e  t r a n 
s i t i o n  between a lower s t a t e  1 and a h ighe r  s t a t e  2 can be r ep re 
s e n t e d  a s  f o l l o w s :  

Here v i s  f requency ,  E 1  i s  t h e  energy o f  t h e  lower l e v e l ,  g2  i s  
t h e  s t a t i s t i c a l  weight of t h e  h i g h e r  s t a t e ,  A21 i s  the  E i n s t e i n  
c o e f f i c i e n t  f o r  spontaneous emiss ion ,  Z ( T )  i s  t h e  p a r t i t i o n  func
t i o n ,  and h and k a r e  t h e  Planck and Boltzmann c o n s t a n t s .  The 
t e r m  i n  pa ren theses  determines t h e  induced emiss ion  and i s  c l o s e  
t o  u n i t y  f o r  t h e  s p e c t r a l  r e g i o n  under c o n s i d e r a t i o n  and t h e  t e m 
p e r a t u r e s  observed i n  t h e  atmosphere. 

I n  t u r n ,  t h e  E i n s t e i n  c o e f f i c i e n t  can b e  expressed  i n  terms /16
o f  t h e  square  of t h e  dipole-moment ma t r ix  element P 1 2  correspond
i n g  to t h e  t r a n s i t i o n  i n  q u e s t i o n :  

(1.16) 
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TABLE 1.1. COMPARISON O F  MEASURED [30] AND 
CULATED e311 POSITIONS AND INTENSITIES OF 
ATE SPECTRAL LINES I N  THE 15-wm CO2 BAND 

.. .- . .-
Ca 

. 

Fxperi
>oi cm-1 s; mental yo, cm-1 

m-Xatm- e m r ,  ?4 
. . .-- . . .-

I ,oo G G64,3 0,992 0,008 
0,106 15 661.5 0,121 -0,015 
2,24 G GGl.2 2,088 0,152 
0, 1.10 15 GGO ,7 0,138 0,002 
0,105 20 641,6 0,0846 0,0204 
0,095 20 640,9 0,0765 0,0185 
0,143 7 6'29,4 0,132 0,011 
0,0750 7 629,l 0,0707 0.0043 
0,101 7 627,9 0,0932 0,0078 
0,0695 7 627,5 0,0655 0,0040 
0,0i04 7 626.4 0,0647 0,0057 
0,0613 7 625,9 0,0578 0,0035 
0,0181 7 625,O 0,0441 0.0040 
0,05G5 3 612,6 0,0468 0,0097 
0,0627 3 61 1 ,O 0,0562 0,0065. 
0,0682 3 609,5 0,0633 0,0049 
0,0712 3 607,9 O,OG79 0,0033 
0.0715 3 606,4 0,0701 0,0014 
0,OG92 3 604.8 0,0699 -0,007 
0,0U6 3 G03,3 0,0678 -0,0022 
0,0614 3 601,8 0,0641 --0,OO27 
O.OG68 3 600,2 0,0591 -0,0023 
0.0522 3 598,7 0,533 -o,ooii 

CAL-
SEPAR-

Translator 's  Note: 
Here and i n  other 
t ab l e s  reproduced 
from Russian, 
commas represent  
decimal points .  

Th m a t r i x  element i s  r e l a t e d  t o  t h e  molecul ' s  d i p o l e  moment 
M as fo l lows :  

PI 2 T-: p;M.q, dv, (1 .17 )  

where $ 1  and + 2  a r e  t h e  wave f u n c t i o n s  of  t h e  molecule i n  t h e  r e 
s p e c t i v e  quantum s t a t e s  and dv i s  a u n i t  volume; i n t e g r a t i o n  i s  
extended over  t h e  e n t i r e  c o n f i g u r a t i o n  space .  

S p e c t r a l - l i n e  i n t e n s i t i e s  i n  v i b r a t i o n a l - r o t a t i o n a l  bands are 
now u s u a l l y  c a l c u l a t e d  as fo l lows  [ 3 2 ] .  The i n t e n s i t y  of any l i n e  /x
a t  frequency v can b e  w r i t t e n  fo rma l ly  

Here Svib i s  t h e  i n t e n s i t y  of  t h e  v i b r a t i o n a l  t r a n s i t i o n  of t he  
n o n r o t a t i n g  molecule ,  Spot i s  a f a c t o r  c h a r a c t e r i z i n g  the  p a r t i c u 
l a r  r o t a t i o n a l  t r a n s i t i o n  ( r e l a t i v e  r o t a t i o n a l  i n t e n s i t y )  o f  t h e  
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r i g i d  nonv ib ra t ing  molecule ,  v o  i s  t h e  c e n t e r  of  t h e  v i b r a t i o n a l  
band, and the  f a c t o r  F takes account  of  t h e  f a c t ' t h a t  t h e  two 
types  of motion ( v i b r a t i o n  and r o t a t i o n )  are observed s imul tan
eous ly .  

TABLE 1 . 2 .  COMPARISON OF MEASURED AND CALCULATED 
I N T E N S I T I E S  AND HALF-WIDTHS O F  I N D I V I D U A L  SPECTRAL 
L I N E S  OF WATER VAPOR 

F = 1 f o r  a r i g i d  t o p .  The va lue  of Srot can b e  ob ta ined  from 
a v a i l a b l e  tables  and s imple  r e l a t i o n s h i p s .  Svib i s  s e l e c t e d  on t h e  
basis o f  comparison w i t h  measured r a d i a t i o n - a b s o r p t i o n  data. Cal
c u l a t i o n  of l i n e  i n t e n s i t i e s  i n  t h e  r i g i d - t o p  approximation o f t e n  
r e s u l t s  i n  large e r r o r s  [33, 381. Table  1 . 2  compares exper imenta l  
water-vapor l i n e  i n t e n s i t i e s  w i t h  t hose  c a l c u l a t e d  on the  basis  of /18
t he  r i g i d - t o p  approximation.  Column 1 g i v e s  t h e  band index :  b f o r  
t he  v2 band and c f o r  t he  2 ( v 2 - v 2 )  band, columns 2 and 3 idenEify  
the  s p e c t r a l  l i n e ,  column 4 g i v e s  t he  c e n t r a l  f requency of  the  
l i n e ,  column 5 t h e  product  o f  t h e  exper imenta l  va lue  ZE by t h e  

l i n e  ha l f -wid th  a, column 6 t h e  exper imenta l  l i n e  i n t e n s i t y  f o r  
T = 4OO0K, and column 9 t he  t h e o r e t i c a l  va lue  ST. We see from t h e  

tab le  t h a t  the disagreement  between ST and SE somet imes  exceeds 
1 0 0 % .  
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TABLE 1.3.  COMPARISON OF VALUES OF THE FACTOR F 
OBTAINED THEORETICALLY AND EXPERIMENTALLY FOR 
VARIOUS WATER VAPOR LINES C371 

0 , s  0,4G 
1,25 1.04 
1.61 1,34 
1,53 1 .n 
1.58 1.48 

1.48 
1.51 
1.78 
2,35
2.32 


The  d e p a r t u r e  of F from u n i t y  is '  due t o  a number of  f a c t o r s ,
of which t h e  most impor tan t  a r e  examined, f o r  example, i n  C321. 

T h e o r e t i c a l  de t e rmina t ion  of  F pe rmi t s  cons ide rab le  r e f i n e 
ment o'f t h e  c a l c u l a t e d  l i n e  i n t e n s i t i e s .  A s  an example, we pre
s e n t  a t a b l e  from t h e  work of H.  Babrov and F. Casden C371, which 
compares va lues  o f  F t h a t  were ob ta ined  t h e o r e t i c a l l y  ( cons ide r 
i n g  only the  e f f e c t  of c e n t r i f u g a l  s c a t t e r i n g )  and exper imenta l ly
f o r  t h e  V I  band of wa te r  vapor.  

T a b l e  1 . 3  l i s t s  F
exP va lues  ob ta ined  under two assumptions 

as t o  t he  t o t a l  i n t e n s i t y  of t h e  vibrations; band. The agreement
between theo ry  and experiment  i s  good f o r  Sv = 1 .33  l o 4  cm"/g* 
emv2. S i m i l a r  r e s u l t s  have a l s o  been ob ta ined  f o r  o t h e r  absorp
t i o n  bands,  f o r  example, by K.P. Vas i l evsk iy ,  V.A. Kazbanov, and 
T.Ye. Dervich [34]. 

T h e o r e t i c a l  and exper imenta l  v a l u e s  of t he  i n t e n s i t i e s  of 
c e r t a i n  l i n e s  were r e c e n t l y  compared f o r  a number of a b s o r p t i o n
bands of v a r i o u s  atmospheric  gases  [ 3 l ,  33-38, 631. The fo l lowing  /19
conclus ions  may be  drawn from these comparisons. 

1. To c a l c u l a t e  t h e  i n t e n s i t i e s  of i n d i v i d u a l  s p e c t r a l  l i n e s  
a c c u r a t e l y ,  i t  i s  necessary  t o  c o r r e c t  f o r  va r ious  energy i n t e r 
a c t i o n s  of t he  molecule .  

2 .  When the  va r ious  types  of v i b r a t i o n a l - r o t a t i o n a l  i n t e r 
a c t i o n s  are t aken  i n t o  account ,  t h e  accuracy of i n t e n s i t y  calcu
l a t i o n s  f o r  i n d i v i d u a l  s p e c t r a l  l i n e s  approaches t he  exper imenta l  
accuracy o f  i n t e n s i t y  de t e rmina t ion  f o r  i n d i v i d u a l  v i b r a t i o n a l  
t r a n s i t i o n s .  A t  the  p r e s e n t  t i m e ,  t h e  l a t t e r  i s  about 5-10%. 



T a b l e  1.1 (columns 5 ,  8 ,  10) l i s t  data c h a r a c t e r i z i n g  t h e  
accuracy of t h e o r e t i c a l  l i n e - i n t e n s i t y  de t e rmina t ions  f o r  the 
l5-pm carbon d iox ide  band C311. 

Without c o n s i d e r a t i o n  of t h e  i n t e r a c t i o n  between v i b r a t i o n a l  
and r o t a t i o n a l  e n e r g i e s ,  the  p a r t i t i o n  f u n c t i o n  i n  (1.15) can b e  
p r e s e n t e d  i n  the  form 

under  a tmospheric  c o n d i t i o n s ,  Zvib i s  c l o s e  t o  u n i t y ,  s o  t h a t  

T- for linear molecules, 
Z ( T ) = Z r o f ( T ) - T 3 ~ 2- for nonlinear molecules. 

(1.20) 

Accordingly,  t h e  fo l lowing  formula i s  o f t e n  used i n  t h e  c a l 
c u l a t i o n s  t o  c h a r a c t e r i z e  t h e  tempera ture  dependence of l i n e  i n 
t e n s i t y :  

(1.21) 


Here n = 1 . 0  f o r  l i n e a r  molecules  ( f o r  example, C O 2 )  and n = 3/2
f o r  n o n l i n e a r  molecules  ( f o r  example, 1420); E1 i s  t h e  energy of  
t h e  lower s t a t e  of the molecule and S O  i s  t h e  l i n e  i n t e n s i t y  under 
normal c o n d i t i o n s .  

The Planck formula ( 1 . 1 4 )  can be  used t o  de te rmine  t h e  cen
t r a l  f r e q u e n c i e s  of s p e c t r a l  l i n e s .  However, even a completely
i s o l a t e d  and q u i e s c e n t  molecule absorbs  and e m i t s  e l ec t romagne t i c  
energy i n - a  c e r t a i n  s p e c t r a l  i n t e r v a l .  The lower l i m i t  of  t h i s  
I n t e r v a l  i s  t h e  s o - c a l l e d  n a t u r a l  w i d t h  of t he  s p e c t r a l  l i n e .  The 
n a t u r a l  w id th  i s  governed (from t h e  c l a s s i c a l  p o i n t  of view) by 
e f f e c t s  i n  which t h e  v i b r a t i o n s  of t h e  o s c i l l a t o r  e m i t t i n g  t h e  
energy are damped. From the quantum-theore t ica l  v iewpoin t ,  i t  i s  
due t o  d f f f u s i o n  of t h e  molecular  energy l e v e l s  and hence t o  t h e  

' nonzero l i f e t ime  of t h e  molecule i n  any g iven  s ta te .  Under at
mospheric c o n d i t i o n s ,  however, the  n a t u r a l  l i n e  wid th  i s  n e g l i 
g i b l y  small by comparison w i t h  the  l i n e  wid ths  due t o  o t h e r  causes,
and p r i m a r i l y  t h e  Doppler e f f e c t  and e f f e c t s  of t h e  i n t e r a c t i o n  
of the  e m i t t i n g  molecules  w i t h  one ano the r  and f o r e i g n  p a r t i c l e s
( p r e s s u r e  e f f e c t s ) .  A d e r i v a t i o n  of t h e  a b s o r p t i o n - l i n e  contour  
shape as determined by m o l e c u l a r - i n t e r a c t i o n  e f f e c t s  i s  g iven  i n  
c 3 ,  41. 

/20 
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The a b s o r p t i o n  c o e f f i c i e n t  of  a Doppler l i n e  takes t h e  f o l 
lowing form under c o n d i t i o n s  such t h a t  t h e  molecules can have a 
Maxwellian v e l o c i t y  d i s t r i b u t i o n :  

(1.22) 


where 

i s  the Doppler ha l f -wid th ,  which depends,  as i s  ev iden t  from 
(1 .23 ) ,  on t h e  type  of t he  molecules ,  t empera ture ,  and the  r e g i o n
of the spectrum ( m- i s  t h e  mass of t h e  molecule) .  

The p r e s s u r e  broadening  i s  much more complex from the  theo
r e t i c a l  s t a n d p o i n t  [3, 4 ,  3 - 4 5 ] .  The e m i t t i n g  molecule i s  no t  
i s o l a t e d ;  i t  i s  a c t e d  upon by sur rounding  molecules .  From t h e  
s t a n d p o i n t  of c o l l i s i o n  broadening of t h e  s p e c t r a l  l i n e s ,  t h i s  
a c t i o n  man i fe s t s  i n  c o l l i s i o n s  between the  e m i t t i n g  molecule and 
o t h e r  p a r t i c l e s .  S t a t i s t i c a l  t heo ry  t reats  t h i s  i n t e r a c t i o n  as 
i n f l u e n c e  e x e r t e d  on the  e m i t t i n g  molecule by an e x t e r n a l  f i e l d  
c r e a t e d  by t h e  sur rounding  p a r t i c l e s .  T h i s  e x t e r n a l  f i e l d  s h i f t s  
the  molecular  energy l e v e l s  and, consequent ly ,  broadens the  spec
t r a l  l i n e s .  The c o l l i s i o n  and s t a t i s t i c a l  t h e o r i e s  g i v e  t o t a l l y
d i f f e r e n t  expres s ions  f o r  the  contour  shapes of a b s o r p t i o n  l i n e s .  
The c o a r s e s t  approximation i n  c o l l i s i o n  theo ry  g ives  t he  Lorentz
i a n  e x p r e s s i o n  widely used i n  a tmospheric  o p t i c s :  

( 1 . 2 4 )  

The Lindholm formula [42-451, which i s  a g e n e r a l i z a t i o n  o f  
( 1 . 2 4 ) ,  has the  same s t r u c t u r e ,  b u t  takes account  of the  l i n e ' s  
cen t ra l - f requency  s h i f t .  The l i n e  s h i f t  i s  n o t  normally t a k e n  i n 
t o  c o n s i d e r a t i o n  i n  r a d i a t i v e - t r a n s f e r  t heo ry  f o r  t h e  e a r t h ' s  at
mosphere. ( I t s  i n f l u e n c e  i s  e v a l u a t e d  by G .  Plass [46]). The 
prime r e a s o n  for t h i s  i s  tha t  no change i n  v o  was observed expe r i 
me ta l ly  i n  the  i n f r a r e d ,  i n d i c a t i n g  t ha t  t h i s  s h i f t  i s  s m a l l  or 
n o n e x i s t e n t .  C o l l i s i o n  t h e o r y  i s  u s u a l l y  a p p l i e d  f o r  t he  l i n e  
c e n t r a l  f r e q u e n c i e s  and the  s t a t i s t i c a l  t heo ry  f o r  t h e  wings of 
the  l i n e s .  F i n a l l y ,  t h e  c o l l i s i o n  mechanism of  l i n e  broadening
i s  t h e  d e c i s i v e  f a c t o r  i n  shaping  the  e n t i r e  l i n e  contour  a t  low 
p r e s s u r e s  and h igh  molecule  v e l o c i t i e s ,  bu t  a t  h igh  pressures and 
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low v e l o c i t i e s ,  c o l l i s i o n  t h e o r y  g i v e s  i n c o r r e c t  con tour s  even f o r  /21 
t he  c e n t r a l  f r e q u e n c i e s .  I n  t he  l a t t e r  case ,  t h e  s t a t i s t i c a l  shape
of  the l i n e  must be used f o r  t h e  e n t i r e  con tour  C421. 

Major d i f f i c u l t i e s  s t a n d  i n  t he  way of  expe r imen ta l  v e r i f i c a 
t i o n  of s p e c t r a l - l i n e  contour  shapes. T h i s  i s  f e l t  p a r t i c u l a r l y
a c u t e l y  f o r  f r e q u e n c i e s  r,emote from the  c e n t e r  of  t he  l i n e .  The 
primary cause i s  the ove r l app ing  o f  the  l i n e s .  E x i s t i n g  e x p e r i 
mental  daba t end  t o  i n d i c a t e  t ha t  t he  con tour  shape at  t h e  c e n t e r  
of a l i n e  c l o s e l y  resembles tha t  determined by the  Lorentz  expres
s i o n .  T h i s  conc lus ion  i s  a r r i v e d  a t  b o t h  on the  basis of expe r i 
mental  s t u d i e s  o f  l i n e  contours  and by comparing the  atmospheric  
t r anspa rency  c a l c u l a t e d  t h e o r e t i c a l l y  by the  Loren tz  expres s ion
wi th  exper imenta l  t r a n s p a r e n c y  data. The s i t u a t i o n  i s  more com
p l e x  f o r  t he  wings of  the  l i n e s .  There i s  as y e t  no t h e o r e t i c a l  
e x p r e s s i o n  . that  c o r r e c t l y  d e s c r i b e s  the s p e c t r a l - l i n e  contours  f o r  
f r e q u e n c i e s  f a r  from the  l i n e  c e n t e r .  R e s u l t s  i n d i c a t i n g  that  the  
Lorentz  e x p r e s s i o n  gives h igh  va lues  of t h e  a b s o r p t i o n  c o e f f i 
c i e n t s  i n  t h e  l i n e  wings have been ob ta ined  i n  a number of s t u d i e s .  
For  example, B. Winters ,  S. Silverman,  and W .  Benedict  [471 pro
posed the  fo l lowing  e m p i r i c a l  r e l a t i o n s h i p  f o r  t he  l i n e  contour  
from a n a l y s i s  of data p e r t a i n i n g  t o  t he  4.3-um carbon d i o x i d e  band: 

where and are e m p i r i c a l  c o n s t a n t s .  

A number o f  e x p r e s s i o n s  f o r  f ( u ,  uo) are  used i n  t he  micro
wave r e g i o n  of t he  spectrum: 

t he  complete Lorentz  e x p r e s s i o n  

(1.26) 


the Van Vleck-Weiskopf formula 

and the  Zhevakin-Naumov contour  
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(1 .28)  


However, none of these formulas g ives  f u l l  agreement between 
the  t h e o r e t i c a l  v a l u e s  of t he  water-vapor r o t a t i o n a l - b a n d  absorp
t i o n - c o e f f i c i e n t s  i n  t h e  t r anspa rency  windows w i t h  exper imenta l
data. We no te  t h a t  t h e  Zhevakin-Naumov contour  s u b s t a n t i a l l y  re
duces the  disagreement between t h e  t h e o r e t i c a l  and exper imenta l
v a l u e s  over  a broad  wavelength range [36, 48-50]. For example,
i t  g i v e s  c o r r e c t  a tmospheric- t ransparency va lues  f o r  X 2 1 0  pm,
u n l i k e  o t h e r  a b s o r p t i o n - l i n e  forms. 

Express ions  (1 .26) - (1 .28)  y i e l d  approximately t h e  same v a l u e s  
for t h e  a b s o r p t i o n  c o e f f i c i e n t  at t h e  c e n t e r  of the  l i n e ,  b u t  d i f 
f e r  s u b s t a n t i a l l y  i n  t he  wings.  The v a l i d i t y  of  a g iven  contour  
can  b e  confirmed on ly  on t h e  basis  of h igh -p rec i s ion  a b s o r p t i o n  
me.asurements f a r  o u t  i n  t h e  wings of t h e  l i n e s .  S.A. Zhevakin and 
A.P. Naumov E501 showed t h a t  Express ions  (1 .26)  and (1 .28 )  g i v e
p r a c t i c a l l y  i d e n t i c a l  a b s o r p t i o n - c o e f f i c i e n t  v a l u e s  ( w i t h  an e r r o r  
< 5 % )  for a broad  range  of A ,  from 1 0  pm t o  the  r a d i o  r eg ion .  A t  
t h e  p r e s e n t  t i m e ,  t h e r e f o r e ,  t h e  u n c e r t a i n t y  of data on t h e  con
t o u r s  of s p e c t r a l  l i n e s  may b e  t h e  most s e r i o u s  sou rce  of e r r o r  
i n  c a l c u l a t i o n s  of t h e  a b s o r p t i o n  c h a r a c t e r i s t i c s  of  a tmospheric  
gases  i n  t h o s e  i n t e r v a l s  of t he  spectrum where a b s o r p t i o n  i s  de te rc  
mined to a s u b s t a n t i a l  degree  by t h e  wings of t h e  l i n e s .  

Obviously,  the  most re l iable  in fo rma t ion  on t r a n s m i s s i o n  i n  
s p e c t r a l  i n t e r v a l s  where a b s o r p t i o n  i s  governed b a s i c a l l y  by t h e  
remote wings of t h e  l i n e s  can be ob ta ined  from exper imenta l  data. 

When the  contour  shape  of a s p e c t r a l  l i n e  i s  governed by both  
the  Doppler and p r e s s u r e  e f f e c t s ,  i t  i s  necessary  t o  use  t h e  so-
c a l l e d  Lorentz-Doppler contour  (Voight c o n t o u r ) .  We t h e n  have 

where 

Numerous s t u d i e s  have been devoted to t h e  problem of ca lcu
l a t i n g  the f u n c t i o n  H (a ,  w )  C51-573; t h e  f u n c t i o n  i t s e l f  i s  
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t a b u l a t e d  i n  C58, 591. 

Another impor t an t  problem i n  t h e  theo ry  of  s p e c t r a l - l i n e  con
t o u r s  i s  c a l c u l a t i o n  of l i n e  half-widths .  Such c a l c u l a t i o n s  have 
r e c e n t l y  been made f o r  a series o f  bands i n  t he  i n f r a r e d  and 
microwave r e g i o n s  on the  basis of Anderson’s t h e o r y  C60, 613. The /&
c a l c u l a t i o n s  employ v a r i o u s  exper imenta l  data o b t a i n e d  for s p e c i f 
i c  bands,  which make i t  p o s s i b l e  to determine  the  unknown param
e t e r s  t h a t  f i g u r e  i n  the t h e o r e t i c a l  a n a l y s i s .  T h e o r e t i c a l l y
c a l c u l a t e d  l i n e  half  -widths  have been compared w i t h  expe r imen ta l
half-widths i n  a number of papers. For example, A .  Mason and A. 
Nie l sen  C621 showed tha t  exper imenta l  half-widths  f o r  a number o f  
l i n e s  i n  the  r o t a t i o n a l  spectrum of gaseous hydrogen f l u o r i d e  are 
c l o s e  to t he  t h e o r e t i c , a l  v a l u e s  c a l c u l a t e d  i n  t h e  r e sonan t -d ipo le
approximation of t he  h a r d - e l a s t i c - b a l l  model. S a t i s f a c t o r y  agree
ment o f  t he  expe r imen ta l  and t h e o r e t i c a l  va lues  has a l s o  been ob
t a i n e d  f o r  the  u2 water-vapor band C33J. The r e s u l t s  of a com
p a r i s o n  f o r  t h i s  band, which w e  have borrowed from [331, appear
i n  Table 1 . 2  (columns 7 and 8 ) .  Here it  must be  no ted  t h a t  t h e  
expe r imen ta l  data o f t e n  c o n t a i n  rather large e r r o r s .  For example, 
T .  McCubin and T .  Mooney C631 make r e f e r e n c e  to t h e  f a c t  t h a t  d i f 
f e r e n t  methods of de te rmining  l i n e  ha l f -wid ths  ( t h e  growth-curve
and laser  methods) g i v e  r e s u l t s  t h a t  d i f f e r  s y s t e m a t i c a l l y .  The 
c o n t r a r y  i s  observed f o r  t he  ha l f -wid ths  of water-vapor  r o t a t i o n a l  
band, which were c a l c u l a t e d  t h e o r e t i c a l l y  by B. Benedict  and L. 
Kaplan. T a b l e  1 . 4 ,  which g i v e s  t h e  exper imenta l  va lues  of t h e  
l i n e  ha l f -wid ths  and t h e  r a t i o  aexp,atheor, i n d i c a t e s  t h a t  t he  
d i f f e r e n c e s  between atheor and a may r e a c h  100% C361. 

eX P  

TABLE 1 . 4 .  EXPERIMENTAL VALUES OF SPECTRAL-LINE 
HALF-WIDTHS AND 
C361 

COMPARISON W I T H  

0.74 
6.12 

10.86 

12.67 
18.55 
92.51 

170,X3 
18H.27 
53(i,.3(j 
(i%5,.t4 
914, os 

THEORETICAL VALUES 

0.99 
1.18 
1.13 
I .2I 
I .% 
1 .?5 
1.21 
0.5 
1.70 
I ,40 
1,45 
1.84 
?,07 
1 ,(Mi 
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It i s  a c h a r a c t e r i s t i c  p e c u l i a r i t y  of  t he  l ine-broadening
mechanism under t h e  c o n d i t i o n s  of t h e  ea r th ' s  atmosphere t h a t  t he  
broadening r e s u l t s  bo th  from c o l l i s i o n s  among molecules  of t h e  
absorb ing  gas themselves  and from c o l l i s i o n s  w i t h  molecules  o f  a 
f o r e i g n  broadening g a s .  The two t y p e s  of c o l l i s i o n s  are no t  
equa l ly  e f f e c t i v e . .  For a two-component mixture  c o n s i s t i n g  of 
Na absorb ing  p a r t i c l e s  and Nb fore ign-gas  p a r t i c l e s  p e r  u n i t  vo l 
ume ( f o r  the  earth 's  atmosphere,  t h e  broadening  due to n i t r o g e n  i s  
u s u a l l y  c o n s i d e r e d ) ,  w e  can w r i t e  t h e  fo l lowing  expres s ion  f o r  t h e  
l i n e  ha l f -wid ths  : 

Here the  D are the  o p t i c a l  c o l l i s i o n  diameters f o r  t he  d i f f e r e n t  
molecules and t h e  m are the  masses of  t he  c o l l i d i n g  molecules ( t h e
s u b s c r i p t  a- p e r t a i n s  to t he  abso rb ing  gas  and b_ t o  the  broadening 
g a s ) .  

Convert ing to t h e  p a r t i a l  p r e s s u r e s  pa and pb ,  w e  o b t a i n  

where B = Ca,a/Ca,b and C a,a and C a ,b 
are cons t an t  c o e f f i c i e n t s  . 

R e l a t i o n ( l . 3 2 )  can be  r e c a s t  i n  t h e  form 

where pl=Bpa+pa=p+(B- I)pa i s  t h e  e q u i v a l e n t  ( e f f e c t i v e )  p r e s s u r e ,  
which takes account  of t h e  d i f f e r i n g  broadening  e f f e c t s  of  the  
s e p a r a t e  g a s e s .  

The v a l u e s  of  the  se l f -b roaden ing  c o e f f i c i e n t  B have been 
i n v e s t i g a t e d  expe r imen ta l ly  and t h e o r e t i c a l l y  i n  many papers  El
3, 5 ,  64-71]. For example, accord ing  to the  t h e o r e t i c a l  s tudy  by
B. Benedict  and L. Kaplan [65],  the  v a l u e s  of B f o r  t h e  r o t a t i o n a l  
band of water vapor  l i e  i n  the range  from 4.5 to 6.0 .  This i s  
q u i t e  c o n s i s t e n t  w i t h  t he  va lues  ob ta ined  expe r imen ta l ly  f o r  B. 
Both theo ry  and experiment i n d i c a t e  t ha t  B a l s o  v a r i e s  w i t h i n  
i n d i v i d u a l  a b s o r p t i o n  bands.  These v a r i a t i o n s  a re  s m a l l  i n  some 
cases ,  b u t  i n  o t h e r s  range i n t o  t h e  t e n s  of p e r c e n t  [66, 67, 69
711. The hypo thes i s  has been advanced that  s u b s t a n t i a l  v a r i a t i o n s  
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o f  the  se l f -broadening  c o e f f i c i e n t  might b e  observed w i t h i n  a 
s i n g l e  a b s o r p t i o n  l i n e .  The basis f o r  t h i s  hypo thes i s  was the  
e x p e c t a t i o n  t h a t  the  s p e c t r a l - l i n e  contour  shape would d i f f e r  
s u b s t a n t i a l l y  between se l f -broadening  and broadening  by f o r e i g n
molecules C47, 711. 

The phenomenon of se l f -broadening  i s  e a s i l y  t a k e n  i n t o  ac
count approximately i n  c a l c u l a t i n g  a tmospher ic  a b s o r p t i o n  char
a c t e r i s t i c s  by i n t r o d u c i n g  the  e q u i v a l e n t  p r e s s u r e  pl. However,-it  i s  very o f t e n  assumed i n  t he  c a l c u l a t i o n s  t h a t  pb >> pa and 

p1 Z p. T h i s  assumption may no t  be s a t i s f i ed  i n  c o n s i d e r a t i o n  
oFwate r -vapor  a b s o r p t i o n ,  bo th  because of t h e  l a r g e  va lue  of the  
se l f -broadening  f a c t o r  B and because of t h e  r e l a t i v e l y  h igh  water 
vapor p a r t i a l  p r e s s u r e  a t  h igh  atmospheric  h u m i d i t i e s .  Values of 
the s e l f - a b s o r p t i o n  c o e f f i c i e n t  f o r  t h e  p r i n c i p a l  absorb ing  gases
of  t h e  atmosphere can be found i n  [3, 5, 67 ,  691.  

$ 3 .  TRANSMISSION FUNCTIONS O F  THE ATMOSPHERIC GASES 

With the  assumptions tha t  w e  have adopted f o r  t h e  i n f r a r e d  
p a r t  o f  t h e  spectrum, t h e  i n t e g r a l  form o f  the  r a d i a t i v e - t r a n s 
f e r  equa t ion  ( 1 . 7 )  can b e  p r e s e n t e d  as fo l lows :  

for t h e  incoming r a d i a n t  i n t e n s i t y  i n  s p e c t r a l  i n t e r v a l  Av 
(which i s  narrow enough t o  permi t  d i s r e g a r d i n g  t h e  frequency
dependence of B v )  a t  t h e  l e v e l  w i t h  p r e s s u r e  p1 

f o r  t h e  outgoing r a d i a t i o n  a t  t h e  l e v e l  w i t h  p r e s s u r e  p 1  

b
The boundary c o n d i t i o n  Jav(O,O)=O was used i n  d e r i v i n g  t h e  

t
f i r s t  r e l a t i o n s h i p ,  and JAv(po,O)-B; [T(po) l  i n  d e r i v i n g  t h e  second. 
I n  (1 .34 )  and (1.35), P d p i , / ~ , O )i s  t h e  t r a n s m i s s i o n  f u n c t i o n  f o r  
the  l a y e r  of t h e  atmosphere bounded by l e v e l s  w i t h  p r e s s u r e s  p1
and E, and 8 i s  t h e  ang le  between t h e  d i r e c t i o n  of  p ropaga t ion  and 
the v e r t i c a l .  The s t a t i c  equa t ion  
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w a s  used i n  d e r i v i n g  (1.34)  and (1 .35 ) .  

For s u f f i c i e n t l y  narrow s p e c t r a l  i n t e r v a l s  (:!v.<,50 cm-’) ,
t h e  expres s ion  for t h e  t r ansmiss ion  f u n c t i o n  can b e  w r i t t e n  w i t h  /26-high  accuracy as fo l lows :  

Here g i s  t h e  a c c e l e r a t i o n  of g r a v i t y ,  T(p) i s  the  atmospheric  
tempera ture  d i s t r i b u t i o n ,  and q ( p )  = pa(p) /p(p)  i s  the  r a t i o  o f  
the d e n s i t i e s  of t h e  absorb ing  gas  and the  a i r .  The dependence of  
the  c o e f f i c i e n t  kv [q (p ) ]  i s  governed by  se l f -broadening  and can be  

t aken  i n t o  account  by i n t r o d u c i n g  t h e  e q u i v a l e n t  p r e s s u r e .  Very
o f t e n ,  however, t h e  se l f -broadening  e f f e c t  i s  n o t  t aken  i n t o  ac
count i n  r a d i a t i o n  c a l c u l a t i o n s .  A s  w e  no ted  i n  9 2 ,  t h i s  may re
s u l t  i n  a p p r e c i a b l e  e r r o r s  f o r  water vapor  i n  many c a s e s .  A more 
g e n e r a l  d e f i n i t i o n  o f  t h e  t r a n s m i s s i o n  f u n c t i o n  t h a t  takes account  
of the  frequency dependence of black-body r a d i a t i o n  i s  v a l i d  f o r  
b roade r  s p e c t r a l  i n t e r v a l s  [15]. The  t r a n s m i s s i o n  f u n c t i o n  de
f i n e d  by (1.37) p e r t a i n s  t o  p ropaga t ion  c o n d i t i o n s  i n  an inhomo
geneous atmosphere,  i . e . ,  t o  t h e  case  i n  which b o t h  p r e s s u r e  and 
tempera ture  va ry  a long  the  r a y  pa th .  For homogeneous media ( p  = 
= c o n s t ,  T = c o n s t ,  and ,  i n  the g e n e r a l  case ,  p1 = c o n s t ) ,  t h e  

-
t r a n s m i s s i o n  f u n c t i o n  can b e  w r i t t e n  t h u s  : 

Here u i s  the  con ten t  o f  absorb ing  matter,  expressed  i n  va r ious  
units-[3]. The u n i t s  are u s u a l l y  c e n t i m e t e r s  o f  p r e c i p i t a t i o n  f o r  
water vapor  and atm-cm for carbon d i o x i d e .  

The t r a n s m i s s i o n  f u n c t i o n s  o f  i n f r a r e d  r a d i a t i o n  are of fun
damental  importance i n  t h e  theo ry  o f  r a d i a t i v e  t r a n s f e r  i n  t he  
atmosphere.  They can b e  used t o  s o l v e  a wide v a r i e t y  o f  problems:
de te rmina t ion  o f  a tmospheric  t r anspa rency  for v a r i o u s  p ropaga t ion
p a t h s ,  c a l c u l a t i o n  o f  i n t r i n s i c - r a d i a t i o n  f i e l d s  and t h e  ra tes  of 
r a d i a t i v e  tempera ture  change i n  t h e  atmosphere.  Informat ion  on 
t r a n s m i s s i o n  f u n c t i o n s  i s  needed to s o l v e  the  i n v e r s e  problems of 
a tmospher ic  o p t i c s .  Transmission f u n c t i o n s  have been t h e  s u b j e c t  
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of an enormous number of s t u d i e s ,  bo th  exper imenta l  aqd t h e o r e t i 
cal  C1-3, 53. Thorough s t u d y  of t r a n s m i s s i o n  f u n c t i o n s  i s  a com
p l e x  problem. Transmission of  r a d i a t i o n  depends on many f a c t o r s  : 
the  p o s i t i o n  o f  t he  s p e c t r a l  i n t e r v a l  under c o n s i d e r a t i o n ,  t he  
absorbing-gas c o n t e n t ,  t h e  p r e s s u r e s  of t h e  abso rb ing  and broad
en ing  g a s e s ,  and tempera ture .  Major d i f f i c u l t i e s  arise i n  i n 
v e s t i g a t i o n  of t r a n s m i s s i o n  an inhomogeneous medium ( i n  t h i s  case ,  
t he  t r ansmiss ion  f u n c t i o n  i s  a complex f u n c t i o n a l  of t h e  func
t i o n s  q ( p ) ,  T ( p ) )  or under t h e  c o n d i t i o n s  of a multicomponent
absorb ing  medium. 

We now have a large body of i n fo rma t ion  on the t r a n s m i s s i o n  
func t ions  of v a r i o u s  gases ( e s p e c i a l l y  f o r  H 2 0 ,  C O 2 ,  0 3 )  w i t h  var 
i o u s  s p e c t r a l  r e s o l u t i o n s  f o r  p r e s s u r e s  from %0.001 to ~1 a t m .  
Temperature curves  o f  the  t r a n s m i s s i o n  f u n c t i o n s  have no t  been 
s t u d i e d  i n  s u f f i c i e n t  de t a i l .  Most f r e q u e n t l y ,  the work i s  con
cerned w i t h  t r a n s m i s s i o n  f u n c t i o n s  (or a b s o r p t i o n  f u n c t i o n s  A A v ,  

which are l i n k e d  w i t h  the t r ansmiss fon  f u n c t i o n s  by the  s i m p l e
r e l a t i o n s h i p  PAv = 1 - A A v )  of whole a b s o r p t i o n  bands.  The reader 
who would f a m i l i a r i z e  h imse l f  w i t h  these data i n  de t a i l  i s  re
fe r red  t o  [ l -3 ,  51. We n o t e  tha t  d e s p i t e  t h e  tremendous number of  
pub l i shed  papers ,  i t  cannot  be  sa id  tha t  t he re  i s  no longe r  any
need f o r  f u r t h e r  i n t e n s i v e  r e s e a r c h  i n  t h i s  f i e l d .  T h i s  i s  not  
only because of t h e  complexi ty  of t h e  r a d i a t i o n - t r a n s f o r m a t i o n  
p rocesses  i n  t h e  r e a l  atmosphere,  b u t  a l s o  because o f  t he  cont in
uously growing range o f  problems tha t  r e q u i r e  more and more de
t a i l e d  and p r e c i s e  c h a r a c t e r i s t i c s  of t h i s  t r a n s f o r m a t i o n .  

Methods of a c q u i r i n g  t r a n s m i s s i o n  f u n c t i o n s  can be  c l a s s i f i e d  
as exper imenta l  and t h e o r e t i c a l .  

1. Experimental  Methods 

a. L a b o r a t o r y  s t u d i e s  o f  t h e  t r a n s m i s s i o n  o f  i n f r a r e d  a n d  
m i c r o w a v e  r a d i a t i o n  i n  gas c u v e t t e s .  T h i s  method u s u a l l y  y i e l d s
t r ansmiss ion  f u n c t i o n s  f o r  a homogeneous medium a t  f i x e d  va lues  
of E and T. However, t r a n s m i s s i o n  measurements made i n  a se
quenced set  of gas c u v e t t e s  [72, 731 i n  which t h e  p r e s s u r e  and t h e  
con ten t  o f  absorb ing  subs t ance  (and,  i n  t h e  g e n e r a l  c a s e ,  tempera
tu re )  can be v a r i e d  independent ly  permits l a b o r a t o r y  s tudy  of the  
b a s i c  l a w s  governing t r a n s f e r  of r a d i a t i o n  i n  the  inhomogeneous
medium as w e l l .  I n  i n v e s t i g a t i n g  t r a n s m i s s i o n  f u n c t i o n s ,  i t  i s  
necessary  to s o l v e  a series of complex exper imenta l  problems.
Laboratory r e s e a r c h  i s  p r e s e n t l y  underway i n  a broad range of 
p r e s s u r e s  (0.001-10 a t m )  and tempera tures  (280-15OO0K). 

The s p e c t r a l  e m i s s i v i t i e s  of gases  are  measured a t  high t e m 
peratures C3, 201. 

b .  I n v e s i  t g a t i o n  o f  t r a n s m i s s i o n  f u n c t i o n s  u n d e r  n a t u r a l  con
d i t i o n s .  T h i s  method can b e  used t o  s tudy  the t r a n s m i s s i o n  
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f u n c t i o n s  of b o t h  homogeneous and inhomogeneous media. However, 
t h i s  advantage i s  l a r g e l y  c a n c e l l e d  by t h e  inadequate  accuracy of  
c o n t r o l  of  the p h y s i c a l  c o n d i t i o n s  observed a long  the  r a y  p a t h s ,
and s l a n t  p a t h s  i n  p a r t i c u l a r .  

The exper imenta l  methods have an advantage i n  t h a t ,  assuming
t h a t  t h e  exper imenta l  c o n d i t i o n s  a r e  a c c u r a t e l y  c o n t r o l l e d ,  they
y i e l d  r e a l  data  on t h e  t r a n s m i s s i o n  of r a d i a t i o n  by gases  and do 
no t  r e q u i r e  t h e  numerous u n j u s t i f i e d  assumptions c h a r a c t e r i s t i c  
of a number of t h e o r e t i c a l  c a l c u l a t i o n  methods. Among t h e  def i 
c i e n c i e s  of these methods are the  f a c t s  tha t  the  l a b o r a t o r y  ex
periment  p e r t a i n s  b a s i c a l l y  to homogeneous media and n e i t h e r  of 
them can produce a b s o r p t i o n  c h a r a c t e r i s t i c s  w i t h  s u f f i c i e n t  accu
racy  for a l l  c o n d i t i o n s  observed i n  the  atmosphere. T h i s  a p p l i e s
p r i m a r i l y  t o  t he  t r a n s m i s s i o n  f u n c t i o n s  f o r  small -u and E. 

The exper imenta l  r e s u l t s  are o f t e n  p r e s e n t e d  i n  an  a n a l y t i c a l
form t h a t  i s  convenient  f o r  c a l c u l a t i o n  of va r ious  r a d i a t i o n - f i e l d  
c h a r a c t e r i s t i c s  [74-77, 991. We no te  here tha t  the  r e s u l t  of an 
experiment i s  no t  t h e  t r a n s m i s s i o n  f u n c t i o n  as d e f i n e d  by (1.381,
but t he  t r a n s m i s s i o n  f u n c t i o n  f o r  a s p e c i f i c  s p e c t r a l  measuring
ins t rument  : 

"''. A v  

A " ( f t ,  y ,  T ,  v')=------ **- J v  
.I'A- A r  ( 1 . 3 9 )  

where J,, i s  t h e  i n t e n s i t y  of t h e  r a d i a t i o n  source  and ( P ( Y  - v ' )  
i s  an i n s t r u m e n t a l  f u n c t i o n .  

If IQ2Avl J o y  z cons t  i n  t h e  i n s t r u m e n t ' s  s p e c t r a l - s e n s i t i v 
i t y  r ange ,  w e  have 

( 1 . 4 0 )  

T h i s  l as t  expres s ion  i s  de r ived  w i t h  no rma l i za t ion  of  the  i n 
s t r u m e n t a l  f u n c t i o n  (P(v - ut), which c h a r a c t e r i z e s  the  i n f l u e n c e  
o f  the  in s t rumen t  on the measured. v a r i a b l e  : 

( 1 . 4 1 )  
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I n  the  i n f r a r e d ,  t h e  i n s t r u m e n t a l  f u n c t i o n s  are u s u a l l y  ap
proximated by t h e  fo l lowing  expres s ions  : 

the  r e c t a n g u l a r  i n s t r u m e n t a l  f u n c t i o n  

( 1 . 4 2 )  

and t h e  t r i a n g u l a r  i n s t r u m e n t a l  f u n c t i o n  

I n  computing r a d i a t i o n  c h a r a c t e r i s t i c s  f o r  t he  rea l  atmos
phere,  i t  i s  necessa ry  t o  use  t h e  t r a n s m i s s i o n  f u n c t i o n s  ( 1 . 3 8 ) ,
which c h a r a c t e r i z e  t h e  t r a n s f o r m a t i o n  o f  r a d i a t i o n  wi thout  i n s t r u 
mental  d i s t o r t i o n s .  On t h e  o t h e r  hand, when i t  i s  necessary  t o  
deal w i t h  measured r a d i a t i o n  f l u x e s  (comparison of t h e o r y  w i t h  
experiment ,  s o l u t i o n  of i n v e r s e  problems) ,  i t  i s  necessa ry  t o  
u se  ( 1 . 4 0 )  w i t h  t h e  Cp(v - v ' )  corresponding t o  t h e  in s t rumen t  
used. . T h i s  r u l e  i s  o f t e n  overlooked,  a l though the  d i f f e r e n c e s  
between (1 .38 )  and ( 1 . 4 0 )  a r e  a t  times a p p r e c i a b l e .  The i n s t r u 
mental  f u n c t i o n  may i n f l u e n c e  the  a b s o r p t i o n  c h a r a c t e r i s t i c s  
p a r t i c u l a r l y  s t r o n g l y  f o r  s p e c i f i c  i n t e r v a l s  w i t h i n  a s p e c t r a l -
l i n e  contour  [20] .  For  broad  s p e c t r a l  i n t e r v a l s ,  on t h e  o t h e r  
hand ( f o r  example, f o r  i n d i v i d u a l  a b s o r p t i o n  b a n d s ) ,  (1 .38)  and 
( 1 . 4 0 )  may ag ree  or d i f f e r  i n s i g n i f i c a n t l y .  

2 .  T h e o r e t i c a l  Methods 

a .  S i m u l a t i o n  o f  i n f r a r e d  a b s o r p t i o n  b a n d s .  Even i n  t h e  case  
of a homogeneous medium, t h e  g e n e r a l  expres s ion  f o r  t he  t ransmis
s i o n  f u n c t i o n  i s  ex t remely  cumbersome. T h i s  becomes obvious when 
w e  remember t h a t  t h e  a b s o r p t i o n  c o e f f i c i e n t  appea r ing  i n  (1 .38)  i s  
determined by t h e  c o n t r i b u t i o n s  of many l i n e s  : 

( 1 . 4 4 )  

The summation must o f t e n  cons ide r  hundreds and thousands of 
s p e c t r a l  l i n e s .  Even when the  ra ther  s i m p l e  Lorentz  expres s ion  i s  
used for t he  contour  shape of an a b s o r p t i o n  l i n e ,  i t  i s  an ex
tremely complex task t o  o b t a i n  a n a l y t i c a l  e x p r e s s i o n s  connect ing 
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pAV 
w i t h  g, 2, and T. I n  o r d e r  t o  o b t a i n  comparat ively s imple  ex

p r e s s i o n s  f o r  t h e  t r a n s m i s s i o n  f u n c t i o n s ,  t h e r e f o r e ,  i t  i s  neces
s a r y  t o  s a c r i f i c e  some of t h e  accuracy w i t h  which the  r e a l  s t r u c 
t u r e  of t he  a b s o r p t i o n  bands i s  r e f l e c t e d  and i n t r o d u c e  v a r i o u s  
s i m p l i f y i n g  assumptions.  U s e  of t h e  v a r i o u s  absorpt ion-band
models i s  based on t h i s  p r i n c i p l e  [l-3, 51. 

Without dwel l ing  i n  d e t a i l  on t h e  va r ious  models, l e t  us 
b r i e f l y  d e s c r i b e  t h o s e  t h a t  a r e  used most f r e q u e n t l y  i n  t r ansmis -

/30 
s ion - func t ion  c a l c u l a t i o n s  11-3, 51. 

1. The i s o l a t e d - l i n e  model. It i s  assumed i n  these models 
t h a t  ove r l app ing  of t h e  l i n e s  can be d i s r ega rded .  The e x p r e s s i o n
f o r  t he  e q u i v a l e n t  w i d t h  of t h e  i s o l a t e d  Lorentz  l i n e ,  which i s  
known as the Ladenburg-Reiche formula,  and asymptot ic  r e p r e s e n t a 
t i o n s  (approximation of weak and s t r o n g  l i n e s )  a r e  used ex ten
s i v e l y  i n  t h e  v a r i o u s  c a l c u l a t i o n s .  I s o l a t e d - l i n e  models are usu
a l l y  a p p l i c a b l e  a t  low p r e s s u r e s  of t h e  gaseous atmosphere;  t h e i r  
l i m i t s  of a p p l i c a b i l i t y  are examined i n  [78 ,  791 .  Ana ly t i ca l
expres s ions  by  which ove r l app ing  of two Lorentz  l i n e s  can be  t aken  
i n t o  account  have been d e r i v e d  i n  a number of pape r s .  

2 .  The  Elsasser model. T h i s  model of t h e  band c o n s i s t s  of 
an  i n f i n i t e  s e t  of  l i n e s  w i t h  i d e n t i c a l  i n t e n s i t i e s  and h a l f -
wid ths  s i t u a t e d  a t  e q u a l  d i s t a n c e s  f r o m  one ano the r .  T h e  E l s a s 
ser  model i s  u s u a l l y  used t o  d e s c r i b e  abso rp t ion  i n  t h e  bands of 
l i n e a r  molecules ,  e . g . ,  carbon d i o x i d e ,  which have r e g u l a r  s t r u c 
t u r e .  The b a s i c  parameters  of t h e  model are the d i s t a n c e  6 be
tween t h e  s p e c t r a l  l i n e s  and t h e  l i n e  i n t e n s i t y  S .  The a b s o r p t i o n
of t h e  rea l  band i s  o f t e n  desc r ibed  by superimposing Elsasser 
bands w i t h  d i f f e r e n t  6 and S. 

3.  " S t o c h a s t i c "  models. These models assume t h a t  t h e  pos i 
t i o n s  of t h e  spec t r a l  l i n e s ,  t h e i r  i n t e n s i t i e s ,  and t h e i r  ha l f -
w i d t h s  have v a r i o u s  s t o c h a s t i c  d i s t r i b u t i o n s .  Various concept ions  
as t o  t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  of t h e  l i n e  i n t e n s i t i e s ,  h a l f -
w i d t h s ,  and p o s i t i o n s  r e s u l t  i n  va r ious  t r ansmiss ion - func t ion  
forms. The  " s t o c h a s t i c "  models are used t o  good e f f e c t  i n  descr ib
i n g  a b s o r p t i o n  i n  t h e  a b s o r p t i o n  bands of water  vapor and ozone. 

4 .  T h e  q u a s i s t o c h a s t i c  model. T h i s  model was developed f o r  
t r ansmiss ion - func t ion  c a l c u l a t i o n s  i n  r e l a t i v e l y  narrow s p e c t r a l
i n t e r v a l s .  I n  i t ,  t h e  i n t e r v a l  Av f o r  which t r a n s m i s s i o n - i s  de
termined i s  broken up i n t o  narrower i n t e r v a l s  D << Av. It i s  as
sumed that  t h e  l i n e s  are d i s t r i b u t e d  a t  random w i t h i n  t h e s e  narrow 
i n t e r v a l s .  T h i s  makes p o s s i b l e  cons ide rab ly  more a c c u r a t e  l o c a l i 
z a t i o n  of t h e  s t r o n g  l i n e s  t ha t  p l a y  a major r o l e  i n  a b s o r p t i o n
(the e r r o r  o f  l o c a l i z a t i o n  'L D). Other  f e a t u r e s  of t h e  q u a s i s t o 
c h a s t i c  model are the  use  of i n d i v i d u a l  s p e c t r a l  l i n e s  i n  t h e  c a l 
c u l a t i o n s ,  c o r r e c t  a l lowance f o r  the  i n f l u e n c e  of t he  l i n e  wings,
and t he  use of an e x p r e s s i o n  f o r  t he  e q u i v a l e n t  l i n e  w i d t h  f o r  
f i n i t e  s p e c t r a l  i n t e r v a l s  i n  t h e  c a l c u l a t i o n s .  



5. Overlapping r e g u l a r  and s t o c h a s t i c  bands.  When the  s t r u c 
t u r e  of t he  bands bears l i t t l e  resemblance t o  t h o s e  o f , r e g u l a r  o r  /31randomly s t r u c t u r e d  bands,  use  of combined models i s  j u s t i f i e d .  

Two methods o f  u s ing  models should  be noted.  I n  the  former 
case ,  t h e  expres s ions  d e f i n e d  by t h e  model are used f o r  a n a l y t i c a l
r e p r e s e n t a t i o n  o f  t he  exper imenta l  data. Here the  parameters of 
t h e  model ( f o r  example, average.  i n t e n s i t y ,  ha l f -wid th ,  d i s t a n c e  
between l i n e s ,  or combinations o f  these parameters) are used as 
f i t t i n g  parameters. 

However, there  i s  a d e f i n i t e  d i f f e r e n c e  between t h i s  approach
and s imple  r e p r e s e n t a t i o n  o f  t h e  exper imenta l  data w i t h  e m p i r i c a l
approximations.  T h i s  i s  because a g iven  absorpt ion-band model 
presupposes  a g iven  and sometimes q u i t e  g e n e r a l  s t r u c t u r e  of t h e  
band. If i n  t h i s  ca se  these p r o p e r t i e s  of  t h e  model are  c l o s e l y
s i m i l a r  to t h e  rea l  p r o p e r t i e s  of t h e  band (and t h i s  c o n d i t i o n  
must be sa t i s f ied  i f  the  models are to be used c o r r e c t l y ) ,  t h e  
model expres s ions  no t  on ly  c l o s e l y  approximate t he  t r a n s m i s s i o n  
f u n c t i o n  i n  t he  range of the exper imenta l  data, b u t  are a l s o  a 
n a t u r a l  and p h y s i c a l l y  grounded i n s t r u m e n t a l  e x t r a p o l a t i o n  of t h e  
t r a n s m i s s i o n  f u n c t i o n s  t o  a b roade r  range of p h y s i c a l  c o n d i t i o n s .  
S imple  e m p i r i c a l  r e l a t i o n s h i p s  ve ry  o f t e n  g i v e  gross e r r o r s  when 
used o u t s i d e  t h e  range  of t h e  measured data. 

Models can a l s o  b e  used i n  a n o t h e r  way. Such models as the  
q u a s i s t o c h a s t i c  model C80l take c l o s e  account  of t h e  rea l  s t r u c 
tu re  of t h e  a b s o r p t i o n  bands,  making use o f  t h e o r e t i c a l  data on 
t h e  f i n e - s t r u c t u r e  parameters voi and Si o f  the  a b s o r p t i o n  bands 
to o b t a i n  q u a n t i t a t i v e  r e s u l t s .  T h i s  approach a l s o  r e q u i r e s  ex
pe r imen ta l  data, b u t  i n  a d i f f e r e n t  form: f o r  example, i t  uses  
exper imenta l  i n t e n s i t y  va lues  f o r  i n d i v i d u a l  o s c i l l a t o r y  t r a n s i 
t i o n s  t o  o b t a i n  a b s o l u t e  l i n e  i n t e n s i t i e s .  Other  exper imenta l
in fo rma t ion  i s  a l s o  used f o r  computation of o t h e r  parameters. 

Model r e p r e s e n t a t i o n s  of  t r a n s m i s s i o n  f u n c t i o n s  have a d i s 
advantage i n  t ha t  they  d i s t o r t  t he  real s t r u c t u r e  o f  t he  absorp
t i o n  bands to some degree .  T h i s  d i s t o r t i o n  i s  o f t e n  minor or un
impor tan t  i n  a n a l y s e s  of  t r a n s m i s s i o n  i n  whole a b s o r p t i o n  bands 
or broad s p e c t r a l  r anges ,  b u t  i t  sometimes becomes e s s e n t i a l  i n  
s tudy  of t r ans fo rma t ions  of  r a d i a t i o n  i n  narrow zones o f  the  spec
trum. Even a model as de t a i l ed  as t h e  q u a s i s t o c h a s t i c  model does 
n o t  always y i e l d  t h e  r e q u i r e d  accuracy of t r ansmiss ion - func t ion  
c a l c u l a t i o n  C81-831. On t h e  o t h e r  hand, w e  might c i t e  examples
[84] i n  which the model g i v e s  a very good r e p r e s e n t a t i o n  o f  r ea l  
band s t r u c t u r e .  

Another d e f i c i e n c y  o f  models, which are of d e f i n i t e  va lue  f o r  
many problems, i s  t h e  f a c t  t h a t  most of  t he  r e s u l t s  of t h e  model 
approach p e r t a i n  to uniform propagat ion  c o n d i t i o n s .  I n  a d d i t i o n ,  /32 
one of t h e  b a s i c  advantages of the  model approach - t he  r e l a t i v e  
s i m p l i c i t y  o f  t h e  c a l c u l a t i o n s  - i s  lost * i n ,complex models. 



b. Direct  method o f  transmission-function c a l c u l a t i o n .  Pro
g r e s s  i n  t h e  development of  e l e c t r o n i c  computers t h a t  o p e r a t e  a t  
high speed and have l a r g e  memory c a p a c i t i e s  and t h e  appearance of 
comparat ively a c c u r a t e  c a l c u l a t e d  data f o r  t h e  f i n e - s t r u c t u r e  
parameters  o f  a b s o r p t i o n  bands have made it  p o s s i b l e  t o  under take  
e x t e n s i v e  c a l c u l a t i o n s  o f  t r ansmiss ion  f u n c t i o n s  based on numeri
c a l  i n t e g r a t i o n  of  (1.37) and (1 .38) .  

No e x p l i c i t  recommendations can be g iven  as t o  the app l i ca 
b i l i t y  o f  the va r ious  t r a n s m i s s i o n  f u n c t i o n s  i n  a l l  problems of  
r a d i a t i v e  t r a n s f e r  t heo ry .  T h i s  i s . b e c a u s e  o f  the va ry ing  re
quirements  made o f  t h e  t r a n s m i s s i o n  f u n c t i o n s  i n  d i f f e ren t  prob
l e m s .  S p e c i f i c  problems r e q u i r e  d i f f e r e n t  s p e c t r a l  r e s o l u t i o n s ,
d i f f e r e n t  a c c u r a c i e s  o f  the  t r a n s m i s s i o n  f u n c t i o n s  themselves ,  
and in fo rma t ion  on t r a n s m i s s i o n  under d i f f e r e n t  p h y s i c a l  condi
t i o n s .  I n  the  problems cons idered  i n  t h e  p r e s e n t  volume, use  o f  
t h e  d i r e c t  method o f  c a l c u l a t i n g  t r ansmiss ion  f u n c t i o n s  i s  es
p e c i a l l y  promising.  (However, t h i s  does n o t  exc lude  t h e  use  of  
a number of o t h e r  methods to o b t a i n  a b s o r p t i o n  c h a r a c t e r i s t i c s .  )
We s h a l l  t h e r e f o r e  d w e l l  on t h i s  method i n  somewhat g r e a t e r  de
t a i l .  

Knowledge o f  t h e  f i n e - s t r u c t u r e  parameters  and contour  shapes
of t h e  a b s o r p t i o n  l i n e s  enables  us t o  compute t r ansmiss ion  func
t i o n s  by d i r e c t  i n t e g r a t i o n  over  f requency.  Applying (1.37-1.38)
and ( 1 . 4 4 ) ,  l e t  us rewr i te  the  t r ansmiss ion  f u n c t i o n s  i n  t h e  forms: 

f o r  a homogeneous medium 

f o r  an inhomogeneous medium 

(1.46) 


I n  summing over  t he  2, i t  i s  necessary  t o  c o n s i d e r  a l l  l i n e s  
t ha t  make c o n t r i b u t i o n s  t o  t he  a b s o r p t i o n  c o e f f i c i e n t  a t  all fre
quencies  i n  t h e  i n t e r v a l  Av under examinat ion.  Thei r  number may 
range i n t o  t h e  thousands.  However, f a r  fewer l i n e s  can be  con
s idered i n  less - than-exac t  c a l c u l a t i o n s .  Despi te  t he  cumbersome
ness  o f  t h e  d i r e c t  method o f  c a l c u l a t i n g  t r a n s m i s s i o n  f u n c t i o n s ,  
which r e q u i r e s  a l a r g e  amount of machine t i m e ,  e s p e c i a l l y  f o r  
complex a b s o r p t i o n - l i n e  con tour s ,  and d e s p i t e  t h e  f a c t  t h a t  suc
c e s s f u l  use of t h i s  method depends e n t i r e l y  on the  accuracy w i t h  



which t h e  i n i t i a l  data are a s s igned  - which i s  inadequa te  f o r  a 
number of a b s o r p t i o n  bands -, a number o f  advantages o f  t h e  d i r e c t  
method have encouraged stepped-up use of  t h i s  method i n  s o l v i n g
va r ious  problems i n v o l v i n g  i n f r a r e d  r a d i a t i v e  t r a n s f e r .  The 
fo l lowing  may be  c i t e d  among the b a s i c  a d v a n t a g e s . o f  t h e  d i r e c t  
c a l c u l a t i o n  method. 

1. The p o s s i b i l i t y  o f  o b t a i n i n g  t r a n s m i s s i o n  f u n c t i o n s  f o r  
a l l  s p e c t r a l  i n t e r v a l s ,  whi le  a number o f  t h e  absorpt ion-band
models have fundamental  l i m i t a t i o n s  i n  t h i s  r e s p e c t .  

2 .  The rea l  s t r u c t u r e  of t h e  band, i . e . ,  the  most r e l i a b l e  
data on voi ,  Si, "i and f ( v  - v o i ) ,  i s  used i n  t h e  c a l c u l a t i o n s .  
The method does no t  i nvo lve  t h e  u s e  of any s i m p l i f y i n g  assumptions 
as to t h e  p o s i t i o n i n g  o f  t h e  s p e c t r a l  l i n e s ,  t h e  i n t e n s i t y  and 
ha l f -wid th  d i s t r i b u t i o n s  o f  t h e  l i n e s  i n  t h e  band, e t c .  

3. The p o s s i b i l i t y  of  o b t a i n i n g  t r a n s m i s s i o n  f u n c t i o n s  f o r  
any s e t  o f  p h y s i c a l  c o n d i t i o n s ,  inhomogeneous and homogeneous
media, and any p a t h  i n  t h e  atmosphere.  N a t u r a l l y ,  the  f i n e -
s t r u c t u r e  c h a r a c t e r i s t i c s  of t he  a b s o r p t i o n  bands must be  known 
f o r  t h e  p a r t i c u l a r  c o n d i t i o n s  o f  i n t e r e s t .  The f a c t  t h a t  t h e  
d i r e c t  method can y i e l d  t r a n s m i s s i o n  f u n c t i o n s  f o r  an inhomogen
eous medium wi thout  u s i n g  approximate methods t o  c o r r e c t  f o r  
a tmospheric  inhomogeneity i s  o f  importance i n  c e r t a i n  problems
o f  a tmospheric  o p t i c s  (see 4 4  o f  t h i s  c h a p t e r ) .  

4. Unlike many o f  t h e  model approaches,  t h i s  method makes 
i t  easy  t o  a l low f o r  t h e  e f f e c t s  of t h e  i n s t r u m e n t ,  which are  
impor tan t  i n  some problems. 

The  d i r e c t - i n t e g r a t i o n  method cannot ,  o f  cour se ,  supp lan t
a l l  o t h e r  methods o f  o b t a i n i n g  t r a n s m i s s i o n  f u n c t i o n s ,  b u t  i t s  
use  i n  s o l v i n g  a number of problems may o f f e r  s u b s t a n t i a l  advan
t a g e s .  These i n c l u d e  a c q u i s i t i o n  of abso rp t ion  c h a r a c t e r i s t i c s  
f o r  narrow o r  complex-structured s p e c t r a l  i n t e r v a l s  and ca l cu la 
t i o n  o f  t r a n s m i s s i o n  f u n c t i o n s  f o r  cond i t ions  t h a t  are p r a c t i c a l l y
i n a c c e s s i b l e  f o r  exper imenta l  s tudy .  

All o f  t h e  above advantages o f  t h e  d i r e c t  method can b e  ex
p l o i t e d  only i f  t h e  i n i t i a l  data  are a s s igned  wi th  s u f f i c i e n t l y
h igh  accuracy.  Otherwise,  t h e  r e f inemen t s  ob ta ined  i n  t h e  d i r e c t  
method, e . g . ,  by a c c u r a t e  c o r r e c t i o n  f o r  a tmospheric  inhomogen
e i t y ,  w i l l  be n u l l i f i e d  by t h e  inaccuracy  w i t h  which t h e  t r a n s 
miss ion  f u n c t i o n s  are c a l c u l a t e d  on t h e  basis  o f  approximate data. 
The r e a l  accuracy of  d i r e c t  c a l c u l a t i o n s  must also be  t a k e n  i n t o  
account i n  de te rmining  whether  one o r  ano the r  approximate method 
of i n f r a r e d  r a d i a t i v e  t r a n s f e r  theory  can be used,  and i n  d e t e r 
mining t h e  necessary  accuracy o f  r a d i a t i o n  c a l c u l a t i o n s .  

The r e a l  accuracy  w i t h  which t r a n s m i s s i o n  f u n c t i o n s  a r e  com
puted  by t h e  d i r e c t  method depends p r i m a r i l y  on t h e  accuracy  o f  
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assignment o f  t h e  s p e c t r a l - l i n e  parameters :  t h e  p o s i t i o n s ,  i n t e n 
s i t i e s ,  ha l f -wid ths ,  and contour  shapes of  t h e  l i n e s  and t h e  p r e s - /34 
s u r e  and tempera ture  dependences of these parameters .  The  problem
o f  t h e  accuracy o f  these data was d i scussed  b r i e f l y  i n  $2 o f  t h i s  
chap te r .  The e r r o r s  o f  assignment o f  t he  l i n e  parameters  a r e  
q u i t e  v a r i a b l e  from l i n e  t o  l i n e  and from one abso rp t ion  band t o  
ano the r .  A t  t h e  p r e s e n t  t i m e ,  w e  can only estimate t h e  approxi
mate range o f  parameter-assignment e r r o r s  f o r  s p e c i f i c  bands and 
parameters .  The upper l i m i t  of l ine-parameter  assignment accuracy
i s  the exper imenta l  accuracy w i t h  which t h e  fundamental  c h a r a c t e r 
i s t i c s  of t h e  molecule and abso rp t ion  band under c o n s i d e r a t i o n  
have been determined.  For example, when modern c a l c u l a t i o n  
methods are a p p l i e d  f o r  t h e  i n t e n s i t y  o f  a s p e c t r a l  l i n e ,  t h i s  
upper l i m i t  i s  the  accuracy o f  de t e rmina t ion  o f  t he  i n d i v i d u a l  
v ib ra t iona l -band  i n t e n s i t i e s .  Apart from t h e  e r r o r s  of s t a t emen t  
of  t h e  fundamental  c o n s t a n t s ,  t h e  accuracy of l ine-parameter  de
t e r m i n a t i o n  i s  a l s o  adve r se ly  a f f e c t e d  by t h e  va r ious  hypotheses
and s i m p l i f i c a t i o n s  used i n  t h e o r e t i c a l  c a l c u l a t i o n  o f  t h e  quan
ti t i e s  r e q u i r e d .  

The r e a l  accuracy w i t h  which t r ansmiss ion  f u n c t i o n s  a r e  com
puted  b y  t h e  d i r e c t  method a l s o  depends on many s u b s i d i a r y  f a c t o r s :  
t h e  n a t u r e  o f  t he  i n i t i a l - d a t a  e r r o r ,  f e a t u r e s  of s p e c t r a l  s t r u c 
t u r e  i n  t h e  i n t e r v a l  under c o n s i d e r a t i o n ,  and t h e  va lues  of a b s o r b  
ing-substance c o n t e n t ,  p r e s s u r e ,  and tempera ture .  I t  i s  t h e r e f o r e  
p o s s i b l e  t o  i n d i c a t e  only a range o f  accuracy tha t  can be expec ted
from the  c a l c u l a t i o n s  when the  i n i t i a l - d a t a  assignment e r r o r s  are 
known . 

With a l i n e - i n t e n s i t y  assignment e r r o r  6 s  = AS/S = +-(5-15)% 
and a l i ne -ha l f -wid th  assignment e r r o r  6 a  = Aa/a  = +(10-30)%, t he  

r e a l  accuracy o f  t r ansmiss ion - func t ion  c a l c u l a t i o n  l i e s  i n  t h e  
range from 0 . 0 1  t o  0 . 1 0  of t h e  a b s o l u t e  t r a n s m i s s i o n  v a l u e s .  Sub
s t a n t i a l l y  l a r g e r  e r r o r s  can be  expected i n  t r ansmiss ion - func t ion  
c a l c u l a t i o n s  f o r  a number of s p e c i f i c  c a l c u l a t i n g  c o n d i t i o n s .  For  
example, much more s e r i o u s  e r r o r s  may be i n c u r r e d  when t ransmis
s i o n  f u n c t i o n s  a r e  computed f o r  s p e c t r a l  i n t e r v a l s  i n  which ab
s o r p t i o n  i s  b a s i c a l l y  governed by  t h e  wings o f  o u t l y i n g  s p e c t r a l
l i n e s .  T h i s  i s  because o f  t h e  l a c k  o f  a c c u r a t e  d a t a  on the  l i n e  
contour  a t  l a r g e  d i s t a n c e s  from t h e  c e n t e r .  

The  d i r e c t  method may a l s o  be h e l p f u l  i n  s tudy ing  t h e  l a w s  
governing i n f r a r e d  r a d i a t i v e  t r a n s f e r  w i t h  c o n s i d e r a t i o n  of t h e  
r ea l  f i n e  s t r u c t u r e  of t h e  spectrum, de te rmining  the  accuracy of 
t h e  v a r i o u s  approximate methods of r a d i a t i v e - t r a n s f e r  t h e o r y ,  and 
a s c e r t a i n i n g  t h e  r e l a t i v e  importance of  t h e  va r ious  f a c t o r s  t h a t  
i n f l u e n c e  the  t r a n s m i s s i o n  f u n c t i o n s .  

C a l c u l a t i o n  us ing  formulas  such as (1 .45)  and ( 1 . 4 6 )  w i t h  
c o n s i d e r a t i o n  of t h e  r ea l  s p e c t r a l  s t r u c t u r e  p r e s e n t s  c e r t a i n  com
p u t a t i o n a l  d i f f i c u l t i e s  and i s  accomplished t o  advantage on high- /x 
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!/speed e l e c t r o n i c  computers. F i r s t  of a l l ,  i t  i s  necessa ry  t o  con- .I 
s i d e r  a l a r g e  number o f  s p e c t r a l  l i n e s  i n  t he  summations i n  For-

~mulas (1 .45)  and ( 1 . 4 6 ) .  T h i s  a p p l i e s  i n  p a r t i c u l a r  t o  c a l c u l a 
t i o n s  f o r  h igh  t empera tu res ,  when t h e  numerous l i n e s  a s s o c i a t e d  
w i t h  t r a n s i t i o n s  between e x c i t e d  l e v e l s  come t o  p l a y  an impor tan t
r o l e  i n  r a d i a t i v e  t r a n s f e r .  Thus, 2 .3  10‘ l i n e s  i n  t h e  i n t e r 
v a l  from 800 t o  12 ,500  cm” were cons idered  i n  J. Auman’s c a l c u l a 
t i o n s  C851 o f  the a b s o r p t i o n  c h a r a c t e r i s t i c s  o f  h o t  water vapor  
a t  tempera tures  of 1680-3360OK. (We no te  t h a t  the  s p e c t r a l  l i n e s  
were approximated by r e c t a n g l e s  i n  these c a l c u l a t i o n s ,  which 
s i m p l i f i e d  the  c a l c u l a t i o n s  s u b s t a n t i a l l y . )  The  number of spec
t r a l  l i n e s  t h a t  must b e  t aken  i n t o  account  i n  t h e  c a l c u l a t i o n s  
depends on t h e  s p e c i f i c  r e g i o n  of t h e  spectrum and the  necessary  
accuracy o f  t h e  r e s u l t s .  A.G. Pokrovskiy [86] proposed a method 
by which those  l i n e s  t ha t  must be  t aken  i n t o  account  i n  c a l c u l a t 
i n g  t r ansmiss ion  f u n c t i o n s  f o r  a g iven  s p e c t r a l  i n t e r v a l  can b e  
s e p a r a t e d  out  o f  t h e  e n t i r e  ensemble of  l i n e s .  Another approach,
which was used i n  [81, 82, 871, c o n s i s t s  i n  a p r e l i m i n a r y  a n a l y s i s
of  t h e  abso rp t ion  spec t rum and c a l c u l a t i o n  of t h e  o v e r - a l l  absorp
t i o n  c o e f f i c i e n t  f o r  a l l  l i n e s  s i t u a t e d  remote from t h e  i n t e r v a l  
under c o n s i d e r a t i o n .  T h i s  o v e r - a l l  a b s o r p t i o n  c o e f f i c i e n t  i s  t h e n  
taken  i n t o  account  w i t h  t h e  a b s o r p t i o n  c h a r a c t e r i s t i c s  of nearby
l i n e s  i n - c a l c u l a t i n g  the  t r a n s m i s s i o n  f u n c t i o n s .  The advantages
o f  t h i s  approach are t h a t  t h e  c a l c u l a t i o n  takes account  of  a l l  
s p e c t r a l  l i n e s  and the re  i s  no danger  of i n t r o d u c i n g  s y s t e m a t i c  
e r r o r s  r e s u l t i n g  from f a i l u r e  t o  cons ide r  ve ry  f a i n t  bu t  numerous 
l i n e s .  

S e l e c t i o n  of  t h e  optimum method o f  f requency  i n t e g r a t i o n  i n  
Expressions (1.45)  and ( 1 . 4 6 )  i s  a n  impor tan t  problem. S ince  t h e  
monochromatic t r a n s m i s s i o n  Py i s  a r a p i d l y  va ry ing  f u n c t i o n ,  i t  i s  
q u i t e  obvious t h a t  t he  i n t e g r a t i o n  s t e p  must b e  v a r i a b l e  t o  take 
account  of t h e  manner i n  which t h e  i n t e g r a n d  v a r i e s  as a f u n c t i o n  
of f requency.  The c a l c u l a t i o n s  would o the rwise  be  i n a c c u r a t e  o r  
uneconomical. A number o f  i n t e g r a t i o n  methods were proposed i n  
[81, 82, 861. 

F i n a l l y ,  s e l e c t i o n  o f  an economical method o f  c a l c u l a t i n g  t h e  
a b s o r p t i o n  c o e f f i c i e n t  governed by t h e  combined a c t i o n  of t h e  Dop
p l e r  and p r e s s u r e  e f f e c t s  i s  of g r e a t  importance,  e s p e c i a l l y  i n  
expanded c a l c u l a t i o n s .  An a p p r e c i a b l e  number of r e c e n t  papers
have been devoted t o  methods of computing t h e  f u n c t i o n  H ( a ,  w ) ,  
and d e t a i l e d  tables  of t h i s  f u n c t i o n  have been pub l i shed  [51-591. 

The d i r e c t  method of c a l c u l a t i n g  t r a n s m i s s i o n  f u n c t i o n s  i s  
c u r r e n t l y  be ing  used i n  a wide v a r i e t y  of problems [88]. Some of 
them have a d i r e c t  b e a r i n g  on t h e  problems under c o n s i d e r a t i o n  
h e r e  and w i l l  subsequent ly  b e  d i scussed  i n  g r e a t e r  d e t a i l .  
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44.  	 APPROXIMATE METHODS OF THE THEORY OF INFRARED R A D I A T I V E  TRANS- /36
FER I N  THE ATMOSPHERE 

C a l c u l a t i o n s  of v a r i o u s  c h a r a c t e r i s t i c s  of  the r a d i a t i o n  
f i e l d  of t he  ear th-atmosphere system are o f t e n  q u i t e  cumbersome 
when they  are based on e x a c t  r e l a t i o n s h i p s .  For example, a number 
of i n t e g r a t i o n s  must be performed i n  computing t h e  i n f r a r e d  radia
t i o n  f l u x  f o r  a s p e c i f i e d  s p e c t r a l  i n t e r v a l  ( o v e r  t h e  space  v a r i 
able ,  ove r  fre.quency, and over  a n g l e s ) .  When w e  cons ide r  t h a t  a l l  
of t h e s e  o p e r a t i o n s  must be  r e p e a t e d  each t i m e  f o r  each s p e c i f i c  
s t a t e  of  t h e  atmosphere,  the  need f o r  and importance of approxi
mate methods capable  o f  sha rp ly  r educ ing  t h e  volume of  c a l c u l a 
t i o n s  become unders tandable .  However, t h e  accuracy o f  t he  calcu
l a t i o n s  must a l s o  meet t h e  requi rements  t h a t  ar ise  i n  t he  varaous 
problems. 

A method based on i n t r o d u c t i o n  o f  a c o e f f i c i e n t  of d i f f u s i v 
i t y  i s  o f t e n  used t o  f a c i l i t a t e  i n t e g r a t i o n  over  the ang le s  C1-31. 
F o r  a g iven  s p e c t r a l  i n t e r v a l ,  i n t e g r a t i o n  over  frequency i s  ac
complished by  i n t r o d u c i n g  t h e  t r a n s m i s s i o n  f u n c t i o n .  I n t e g r a t i o n  
over  t h e  space  v a r i a b l e  ( i n  computing t r a n s m i s s i o n  f u n c t i o n s  f o r  
an inhomogeneous atmosphere)  i s  a ided  b y  approximate methods of 
t a k i n g  atmospheric  inhomogeneity i n t o  account .  We noted  above 
t h a t  use of t r a n s m i s s i o n  f u n c t i o n s  i n  t h e  form of Re la t ionsh ips
( 1 . 3 7 )  and ( 1 . 3 8 )  does not  i n t r o d u c e  l a r g e  e r r o r s  i n  the  radia
t i o n - f i e l d - c h a r a c t e r i s t i c  v a l u e s  c a l c u l a t e d  f o r  t h e  s p e c t r a l  
ranges  i n  which w e  a r e  i n t e r e s t e d .  The accuracy o f  t he  d i f f u s i v 
i ty-approximat ion  method i s  a l s o  q u i t e  adequate  f o r  many problems,
bu t  i s  almost  never  used i n  t h o s e  o f  i n t e r e s t  to us .  

N a t u r a l l y ,  use  o f  one or ano the r  approximate method r e s u l t s  
i n  a d d i t i o n a l  i n a c c u r a c i e s  i n  t h e  c a l c u l a t i o n s .  We s h a l l  t h e r e 
f o r e  g ive  somewhat more d e t a i l e d  a t t e n t i o n  to a number of approxi
m a t e  methods t h a t  are e x t e n s i v e l y  used i n  our range o f  problems. 

A p p r o x i m a t e  c o n s i d e r a t i o n  o f  a t m o s p h e r i c  i n h o m o g e n e i t y .  The 
b a s i c  methods of o b t a i n i n g  t r a n s m i s s i o n  f u n c t i o n s  g ive  a b s o r p t i o n
c h a r a c t e r i s t i c s  f o r  a homogeneous atmosphere.  On t h e  o t h e r  hand,
r a d i a t i v e  t r a n s f e r  i n  the  r ea l  atmosphere i s  e f f e c t e d  a long  p a t h s  
on which p r e s s u r e  and tempera ture  va ry .  The inhomogeneity o f  t he  
medium can be  t aken  i n t o  account  a c c u r a t e l y  i n  d i r e c t  t r ansmiss ion -
f u n c t i o n  c a l c u l a t i o n s  and by  s imple r  methods i n  a number of i d e a l 
i z e d  c a s e s .  ( F o r  example, f o r  an i s o l a t e d  Lorentz  l i n e  under t h e  
c o n d i t i o n s  o f  an  i s o t h e r m a l  atmosphere w i t h  cons t an t  volume con
c e n t r a t i o n  o f  t h e  absorb ing  gas  [3 ] . )  Most f r e q u e n t l y ,  however, 
s p e c i f i c  c a l c u l a t i o n s  make use  o f  approximate methods o f  account
i n g  f o r  t h e  inhomogeneity;  t h e y  reduce the  problem of r a d i a t i v e  
transfer i n  t he  inhomogeneous medium t o  a problem o f  homogeneous-
medium t r a n s f e r .  Let  us examine some of  these methods. 

______-a. The reduced-mass (RM) method cl-31. It i s  assumed i n  t h i s  
method th-gt-t h e  t r a n s m i s s i o n  f u n c t i o n  of t he  r e a l  inhomogeneous 
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atmosphere ( f o r  example, a l a y e r  w i th  p r e s s u r e s  p1 and p2 a t  i t s  
boundar i e s )  can be r e p l a c e d  by t h e  t r a n s m i s s i o n  f u n c t i o n  o f  a 
homogeneous medium a t  p r e s s u r e  P O  and tempera ture  To f o r  a reduced-
absorb ing-mas s v a l u e  

Here, E and m are e m p i r i c a l  c o n s t a n t s  determined by a n a l y z i n g  data 
on t h e  P A v ( p r  and P A v ( T )  curves  f o r  homogeneous c o n d i t i o n s .  

The  RM method a c t u a l l y  assumes t h a t  t h e  t r a n s m i s s i o n  func-n 
t i o n s  can be r e p r e s e n t e d  as c e r t a i n  f u n c t i o n s  of  t h e  product  up T ,
where t h e c o n s t a n t s  n and m found on convers ion  from one s e t  o f  
homogeneous c o n d i t i o n s  t o a n o t h e r  can be  used t o  take account  of  
the p r e s s u r e  and tempera ture  v a r i a t i o n s  of  a b s o r p t i o n  i n  t h e  r e a l  
atmosphere.  C e r t a i n  expe r imen ta l  conf i rmat ions  of t h i s  premise 
were ob ta ined  i n  C72, 731; these r e s u l t s  are  a l s o  analyzed i n  C89,  
901. On t h e  o t h e r  hand, use  of t h e  RM method r e q u i r e s  t h a t  i t  b e  
p o s s i b l e  t o  s e p a r a t e  t he  v a r i a b l e s  i n  t h e  o p t i c a l - d e n s i t y  expres
s i o n  T = k ( v ,  p ,  T )u ,  i . e . ,  i t  i s  assumed t h a t  

I n  t h e  g e n e r a l  ca se ,  n e i t h e r  o f  these assumptions i s  sat is
f i e d ,  and t h i s  makes t he  RM method q u i t e  crude.  One m a n i f e s t a t i o n  
of t h i s  i s  tha t  the c o n s t a n t s  n and m do no t  remain c o n s t a n t  f o r  
broad ranges  o f  v a r i a t i o n  of  tEe p r e s s u r e ,  t empera tu re ,  and con
t e n t  of t h e  abso rb ing  subs t ance .  The  v a l u e s  of  n and m a l s o  de
pend on the  s t r u c t u r e  o f  the  s p e c t r a l  i n t e r v a l  uzder  cons ide ra t ion .  
A p a r t i c u l a r l y  s t r o n g  dependence on t h e s e  f a c t o r s  can b e  observed 
f o r  t h e  parameter  n. L e t  us  demonstrate  t h i s  w i t h  t h e  example of  
an i s o l a t e d  L o r e n t z  l i n e .  Equat ing o p t i c a l  d e n s i t i e s  f o r  t h e  
homogeneous and inhomogeneous atmospheres,  w e  have 

R e l a t i o n  ( 1 . 4 9 )  y i e l d s  t h e  fo l lowing  e x p r e s s i o n :  
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The f u n c t i o n  f f o r  t he  Lor- /38
e n t z  contour  can be w r i t t e n  n -10 

-45 
(1 .51)  

Dis regard ing  t h e  tempera
tu re  v a r i a t i o n  o f  s p e c t r a l - 0 1  1 - 1  I I I I I I Il i n e  half-width as s m a l l  by 0.2 Q4.  9 6  0.8 S V
comparison w i t h  t h a t  o f  the  i n 
t e n s i t i e s ,  w e  have : Figure  1 .3 .  Exponent n (For

mula ( 1 . 4 7 ) )  as a Funzt ion  of  
f o r  t h e  c e n t e r  of a l i n e  Transmission. 1) S p e c t r a l  i n 

( v  = vo)  t e r v a l  around u =-669 cm-'; 2)
around v = 709 cm '; 3) around 
v = 703 cm- . 

for t h e  wings of  a l i n e  ( ( v  - V O )  >> (3) 

Thus, the  exponent g v a r i e s  from -1 t o  1 w i t h i n  a n  i s o l a t e d  
Lorentz  l i n e .  I n  the  r ea l  spectrum, t h e  exponent i s  determined 
by many s p e c t r a l  l i n e s  f o r  each frequency.  I n  a d d i t i o n  to the  
smoothing o f  = b y  c o n t r i b u t i o n s  from many l i n e s ,  there  i s  also 
smoothing as a r e s u l t  of averaging  ove r  t h e  s p e c t r a l  i n t e r v a l  
cons idered .  The r e s u l t  o f  a l l  t h i s  i s  t h a t  t he  exponent G becomes 
somewhat less v a r i a b l e  t h a n  i n  t h e  c a s e  of  a n  i s o l a t e d  Lorentz  
l i n e .  (For the  c a s e  o f  s o - c a l l e d  weak a b s o r p t i o n  ( T O  <<  l), ab
s o r p t i o n  does not  depend on t h e  p r e s s u r e  of t h e  absorb ing  medium 
a f t e r  averaging  over  f requency ( n  = O).) F i g u r e  1 . 3  shows curves  
of t h e  exponent f o r  a number of s p e c i f i c  s p e c t r a l  i n t e r v a l s  i n  
t h e  carbon d iox ide  band a t  A = 15  p m  as a f u n c t i o n  of  t r ansmis 
s i o n  [gl]. 

I f  t h e  e f f e c t  of tempera ture  on a b s o r p t i o n  i s  e i t h e r  n e g l i 
g i b l e  or d i s r e g a r d e d ,  t h e  reduced con ten t  o f  t h e  abso rb ing  sub
s t a n c e  i s  found from the  r e l a t i o n  
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Taking t h e  t empera tu re  dependence i n t o  account  i s  sometimes , 
d i f f i c u l t  because of t he  l a c k  of data on P A V ( T ) ,  e s p e c i a l l y  f o r  
narrow s p e c t r a l  i n t e r v a l s .  A t t e n t i o n  should  b e  drawn to the  f a c t  
t ha t  t h e  tempera ture  dependence i n  R e l a t i o n s  (1 .52)  and (1.53)  f o r  
the two extreme cases  i s  determined by the  r a t i o  o f  t he  l i n e  i n 
t e n s i t i e s  a t  va r ious  t empera tu res .  T h i s  and the  s imilar  expres
s i o n s  tha t  can be  o b t a i n e d  f o r  t h e  tempera ture  dependence when t h e  
model approach i s  used s e r v e  as a basis for approximation of a 
f u n c t i o n  that  accounts  f o r  PAV(T)  i n  the  form 

The r e s u l t s  o f  1911 i n d i c a t e  t h a t  r l (T)  i s  a c o r r e c t  f i r s t  
approximation of the  f u n c t i o n  (T/To l m  and, most i m p o r t a n t l y ,  t h e  
t r u e  tempera ture  dependence of t h e  t r a n s m i s s i o n  f u n c t i o n s .  By way
of example, F i g .  1 . 4  compares t h e  f u n c t i o n  n ( T )  c a l c u l a t e d  on the  
basis of  (1 .55)  and t h e  n ( T )  ob ta ined  by a n a l y s i s  of t h e  tempera
t u r e  curve P A V ( T ) .  The same f i g u r e  shows curves  o f  ( T / T o ) ~f o r  
m = 5.0 and m = 3.5. The example p e r t a i n s  t o  a s p e c t r a l  i n t e r v a l  
5 cm" wide (706.5-711.5 cm-') i n  t h e  15-pm C O n  band. 

S u c c e s s f u l  a p p l i c a t i o n  of t h e  RM method a c t u a l l y  depends on 
optimum s e l e c t i o n  o f  the  average  v a l u e s  o f  ;and m and t h e  re fer 
ence p r e s s u r e  and t empera tu re  va lues  PO and T O .  The b a s i c  ad
vantage  of the  RM method i s  i t s  s i m p l i c i t y .  To f i n d  t h e  real-
atmosphere t r a n s m i s s i o n  f u n c t i o n s ,  I t  i s  necessary  t o  know only
how the  t r a n s m i s s i o n  f u n c t i o n  depends on t h e  absorbing-substance 
con ten t ,  PAv( u )  and t h e  v a l u e s  of t h e  c o n s t a n t s  -n and m. W e  n o t e-
t h a t  data needed f o r  a p p l i c a t i o n  of t h e  RM method f o r  many i n f r a 
red bands are g iven  i n  t h e  work of N . I .  Moskalenko [75] and B.M. 
Go lub i t sk iy  and N . I .  Moskalenko 1761. 

Desp i t e  t h e  e x t e n s i v e  use of t h e  RM method i n  c a l c u l a t i n g  /40
v a r i o u s  c h a r a c t e r i s t i c s ,  i t s  accuracy has no t  been s t u d i e d  ade
q u a t e l y .  

Major e r r o r s  may obvious ly  be  i n c u r r e d  under c e r t a i n  condi
t i o n s  as a r e s u l t  of use  of  a cons t an t  c o e f f i c i e n t  n. I n  f a c t ,  
even a small e r r o r  i n  the  exponent ;may r e s u l t  i n  iarge e r r o r s  
i n  the reduced-mass va lues  if t h e  r e f e r e n c e  p r e s s u r e  po d i f f e r s  
g r e a t l y  from t h e  p r e s s u r e  i n  t h e  atmospheric  l ayer  under cons ider 
a t i o n  [92] .  Hence t h e  f i r s t  p r e r e q u i s i t e  f o r  s u c c e s s f u l  u s e  o f  
t h e  RM method i s  t h e  a v a i l a b i l i t y  o f  p ropaga t ion  data f o r  condi
t i o n s  as c l o s e  as p o s s i b l e  t o  the  c o n d i t i o n s  o f  t r a n s f e r  i n  t h e  /41
r ea l  atmosphere. F i g u r e  1 . 5  p r e s e n t s  a t y p i c a l  comparison o f  
t r ansmiss ion  f u n c t i o n s  o b t a i n e d  by va r ious  methods f o r  a narrow 



Figure  1.4. Func t ion  n i ( T )  f o r  
709-cm-' I n t e r v a l .  

1 - q i ( T ) :  2 - l l ' ( T ) ;  3- r l (T) - ( 3 5 . 0 ;  .I-q(T)= (r 7 4  
; 

5, 6 ,  7 )  f u n c t i o n s  n ( T )  ob
t a i n e d  from a n a l y s i s  o f  tem
p e r a t u r e  dependence P A v ( T )  f o r  
P o f  0 . 9 ,  0 . 5 ,  and 0 . 2 .  

s p e c t r a l  i n t e r v a l  i n  t h e  l5-pm
carbon d iox ide  band. Table  1 . 5  
p r e s e n t s  t h e  r e s u l t s  of a com
p a r i s o n  of va r ious  methods f o r  
approximating t h e  i n f l u e n c e  of 
a tmospheric  inhomogeneity f o r  
o t h e r  s p e c t r a l  i n t e r v a l s  of v a r i o u s  

F igure  1 . 5 .  Comparison of Ex
a c t  and Approximate Transmis
s i o n  Funct ions ( I n t e r v a l
Around v = 709 cm-I) . 1) Ex
a c t  t r a n s m i s s i o n  f u n c t i o n ;  2 )
t r ansmiss ion  f u n c t i o n  ob ta ined  
by RM method ( n  = 1.0) f o r  P O =  
= 1000 mbar,  To = 300OK; 3 )
f o r  po = 1000 mbar ,  To = 220°K; 
4 )  f o r  P O  = 1 0 0  mbar ,  T O  = 
= 3 O O O K ;  5 )  f o r  P O  = 1 0 0  m b a r ,  
To = 2 2 0 O K ;  6 )  t ransmiss ion-
f u n c t i o n  va lues  ob ta ined  by
t h e  Curtis-Godson method w i t h 
ou t  c o n s i d e r a t i o n  o f  T-depen
dence ; 7 )  w i t h  c o n s i d e r a t i o n  
of T-dep endence . 
bands.  The exac t  and approxi

mate t r ansmiss ion  f u n c t i o n s  were c a l c u l a t e d  by t h e  d i r e c t  method. 
The approximate methods were a p p l i e d  b o t h  w i t h  and wi thout  con
s i d e r a t i o n  of t h e  tempera ture  v a r i a t i o n  o f  t he  t r a n s m i s s i o n  func
t i o n s .  Yu.M. Timofeyev E921 compares t r a n s m i s s i o n  f u n c t i o n s  ob
t a i n e d  f o r  rather narrow s p e c t r a l  i n t e r v a l s  by a p p l i c a t i o n  of 
va r ious  absorpt ion-band models. It can be concluded from analy
s i s  of t h e  a v a i l a b l e  data t h a t  t he  e r r o r s  o f  t he  RM method may 
range up t o  0.2-0.3 of  t h e  a b s o l u t e  t r a n s m i s s i o n  i n  c a l c u l a t i o n  
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TABLE 1.5.  COMPARISON OF TRANSMISSION FUNCTIONS 
OBTAINED BY VARIOUS APPROXIMATE METHODS WITH EX
ACT VALUES OF PAv (10 mbar, p )  

_ _  - __ -
Effective-massmethod . -. -C-4 nethod 

~ 

With COIT. 5 s 

c
for (tj 4" 4" 


P PA* X 8.* 
mba 10mba $ 3  5 
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I I  11 
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B e s -

8 
e
B" __ ._ _ _  . __ 

25 
100 
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0,SO3 
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0,195
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0,023 

0,959
0,848
0,691
O,.W
0,157
0,054 

25 
100 
200 
400 
GOO 

0,942
0,789
0,570
0,196
0,043 

0,975
0,505
0,370
0,080
0,010 

0,991
0,858
0,653
0,215
0.045 

0,899
0,592
0,304
0,064
0,010 

0,936
0,571
0,541
0,175
0,036 

50 
170 
310 
510 
615 
i50 
850 
990 

0,999 
0 ,'993 
0,936
0,798 
0,635
0,451
0,271
0,134 

0,999
0,996
0,940
0,778
0,654
0,469
0,317
0,I82 

0,999
0.9s9 
0,960
0,804
0,672
0,459
0,283
0,137 

0,999
0,989
0,917
0,770
0,G17 
0,462
0,311
0,179 

0,999
0,990
0,937
0,798
0,664
0,452
0.277 
0.1.35 

P) lb E 
d
8 dc-

50 0,999 0,999 0,999 0,999
170 0,996 0,992 0.997 0 ,(B3 ::z 
310 0,957 0,927 0,957 0,921 0,957
510 0,615 0,537 O,G20 0,528 0,612 
GI5 0,275 0,239 0,282 0,234 0.27G 
750 0.0.30 0,033 0,031 0.032 0,031 

of real-atmosphere t r ansmiss ion  f u n c t i o n s .  The accuracy of t h e  
method i s  improved when t h e  tempera ture  dependence i s  t aken  i n t o  
account ,  b u t  even t h e n  t h e  RM method cannot be  recommended as a 
means of  a c q u i r i n g  h i g h l y  a c c u r a t e  t r a n s m i s s i o n  f u n c t i o n s .  How
e v e r ,  i t  i s  f u l l y  j u s t i f i e d  f o r  c a l c u l a t i o n  of  bo th  t r a n s m i s s i o n  
f u n c t i o n s  and o t h e r  c h a r a c t e r i s t i c s  i n  problems r e q u i r i n g  moderate 
accuracy.  

Kh.Yu. N i y l i s k  [ 9 3 ]  proposes  a new method o f  i n t r o d u c i n g  t h e  /rr3
reduced mass -G .  

T h i s  method r e q u i r e s  knowledge of  t h e  t r a n s m i s s i o n  f u n c t i o n s  
over  a broad range of p r e s s u r e s  and tempera tures .  P re l imina ry
estimates of i t s  accuracy  have i n d i c a t e d  t h a t  i t  y i e l d s  real-at
mosphere t r a n s m i s s i o n  f u n c t i o n s  w i t h  a small e r r o r .  
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b .  The Curtis-Godson ( C - G )  method [ 2 ,  3, 53. I n  t h i s  method, 
t h e  real-atmosphere t r a n s m i s s i o n  f u n c t i o n  i s  r e p l a c e d  by that of 
a homogeneous medium w i t h  a c o n s t a n t  tempera ture  T a t  a p r e s s u r e  

and an absorbing-substance con ten t  

It can b e  shown t h a t  t he  C-G method i s  a c c u r a t e  i n  t h e  two 
extreme cases  o f  weak and s t r o n g  a b s o r p t i o n  [31. Express ion  (1.55) 
or t he  r e l a t i o n  

i s  u s u a l l y  used f o r  t he  f u n c t i o n  n. C a l c u l a t i o n s  f o r  a series of  
s p e c t r a l  i n t e r v a l s  [91 ]  have shown t h a t  t he  f u n c t i o n s  n ( T )  and
n' ( T )  a r e  q u i t e  c l o s e l y  similar and, most impor t an t ly ,  c o r r e c t l y
d e s c r i b e  t h e  tempera ture  v a r i a t i o n  of  t h e  t r a n s m i s s i o n  f u n c t i o n s .  
When t h e  tempera ture  curve of a b s o r p t i o n  i s  no t  cons idered  i n  t h e  
c a l c u l a t i o n s ,  n ( T )  Z 1. 

The accuracy o f  t h e  C-G method has been s t u d i e d  on many oc
cas ions  [81, 82, 9 1 ,  9 2 ,  94-98]. One group o f  t h e s e  s t u d i e s  has 
been concerned w i t h  i n v e s t i g a t i o n  o f  t h e  accuracy of t h e  method 
w i t h  v a r i o u s  model concept ions  of t h e  t r a n s m i s s i o n  f u n c t i o n s ,  and 
ano the r  w i t h  t e s t i n g  i t s  accuracy a g a i n s t  d i r e c t l y  c a l c u l a t e d  
t r a n s m i s s i o n  f u n c t i o n s .  Very many pape r s  o f  t h e  f irst  group have 
worked w i t h  t h e  i s o l a t t d  s p e c t r a l  l i n e  model [81, 82, 981. It i s  
shown here t h a t  the  maximum e r r o r s  of t h e  C-G method do no t  exceed 
6% of t he  a b s o l u t e  t r a n s m i s s i o n  i n  t r ansmiss ion - func t ion  ca l cu la 
t i o n s  f o r  t h e  case  o f  an atmosphere w i t h  he ightwise  c o n s t a n t  con
c e n t r a t i o n  by  volume o f  t he  absorb ing  subs t ance .  I n t e r e s t i n g l y ,  
t h i s  va lue  i s  reduced t o  about  two- th i rds  when t h e  i n f l u e n c e  of 
the Doppler e f f ec t  on a b s o r p t i o n  i s  t a k e n  i n t o  account .  

C .  Walshaw and C .  Rodgers C94l and R. Goody [95] s t u d i e d  t h e  
accuracy of t he  C-G method i n  c a l c u l a t i o n  of v a r i o u s  r a d i a t i o n -
f i e l d  c h a r a c t e r i s t i c s  f o r  t h e  15-vm C o n  band, t h e  9.6-pm 0 3  band, /44 

41 




and the  r o t a t i o n a l  band o f  water vapor .  Both pape r s  pronounce the  
method q u i t e  a c c u r a t e  f o r  t h e  CO2 and H 2 0  bands.  It i s  much less 
a c c u r a t e  and o f t e n  u n s a t i s f a c t o r y  f o r  t he  ozone band. T h i s  i s  
due bo th  t o  the s p e c i f i c  s t r u c t u r e  of t h i s  band and t o  the a l t i 
tude  d i s t r i b u t i o n  o f  ozone i n  t he  atmosphere (most of the  absorb
i n g  gas i s  a t  low p r e s s u r e s ) .  C a l c u l a t i o n s  made by K.Ya.Kondrat'
yev and Yu.M. Timofeyev [ g l ,  961 f o r  s p e c i f i c  s p e c t r a l  i n t e r v a l s  
i n  t h e  l5-pm carbon d i o x i d e  band and the  water-vapor r o t a t i o n a l  
band showed t h a t  when t h e  tempera ture  v a r i a t i o n  o f  t h e  t r ansmis 
s i o n  . funct ions i s  t a k e n  i n t o  account  w i t h  t h e o r e t i c a l  f u n c t i o n s  
q ( T ) ,  the  accuracy o f  t h e  C-G method i s  o f t e n  q u i t e  s a t i s f a c t o r y
f o r  s o l u t i o n  of  most problems i n  a tmospheric  o p t i c s .  

T a b l e  1 . 5  p r e s e n t s  data on t h e  accuracy o f  the  method f o r  
s p e c i f i c  c a s e s .  The e r r o r s  of t he  C-G method as a p p l i e d  t o  the  
ozone band gave impetus t o  t he  development of more a c c u r a t e  
methods f o r  c o n s i d e r a t i o n  o f  a tmospheric  inhomogeneity.  Thus, 
f o r  example, R. Goody [95]  proposed a three-parameter  method. I n  
t h i s  method, t h e  inhomogeneous l a y e r  of  atmosphere i s  a c t u a l l y
r e p l a c e d  by two homogeneous layers  w i t h  c o n s t a n t  p r e s s u r e s  p 1  and 
p2 tha t  c o n t a i n  amounts u1 and u2 o f  the  absorb ing  subs t ance .  
(Only th ree ,  and n o t  a l l  f o u r  parameters  are independent  i n  t h i s  
method.) Use o f  t h i s  method improves t h e  accuracy of t h e  r e s u l t 
i n g  c h a r a c t e r i s t i c s  i n  a l l  cases .  For ozone, f o r  example, accu
racy  i s  improved by a f a c t o r  of 3 t o  1 2 .  B. Armstrong [97] ana
l i z e d  the e r r o r s  o f  t he  C-G method and t h e  more exac t  methods o f  
c o n s i d e r i n g  atmospheric  inhomogeneity i n  d e t a i l .  

L e t  us now dwel l  on t h e  p o s s i b i l i t i e s  of  u s ing  t h e  d i r e c t  
method t o o b t a i n  inhomogeneous-atmo sphe re  t r ansmi  ss ion f unct  ions . 
For a s t a t e d  s t r a t i f i c a t i o n  o f  the  atmosphere,  t he  t r a n s m i s s i o n  
f u n c t i o n s  can be  o b t a i n e d  on t h e  basis  of  ( 1 . 4 6 ) .  However, i t  
i s  imposs ib l e ,  because o f  t h e  l a r g e  volume o f  t h e  c a l c u l a t i o n s ,  
t o  make them f o r  a l l  s e t s  of  T (p )  and q ( p )  t h a t  a r e  encountered 
i n  n a t u r e  and c h a r a c t e r i z e  t h e  s t a t e  o f  t h e  atmosphere a t  a f i x e d  
p o i n t  i n  t ime.  

T h i s  g i v e s  r i se  t o  t h e  problem o f  conve r t ing  from t ransmis
s i o n  f u n c t i o n s  f o r  t he  s t a t e  q o ( p ) ,  To(p)  t o  t h o s e  f o r  ne ighbor ing  
s ta tes .  The fo l lowing  method might b e  proposed f o r  t h e  conversion 
or c o r r e c t i o n  of t r a n s m i s s i o n  ' func t ions .  Suppose, f o r  example,
t ha t  PAv[p, q o ( p ) ,  T o ( p ) ]  i s  t h e  t r a n s m i s s i o n  f u n c t i o n  of s p e c t r a l  
i n t e r v a l  Av of t h e  l a y e r  of atmosphere from t h e  upper boundary t o  
t h e  l e v e l  w i t h  p r e s s u r e  E ( o t h e r  l aye r s  o f  the  atmosphere could 
a l s o  be cons idered  s i m i l a r l y ) .  Expanding t h e  f u n c t i o n a l  PAY i n  
Taylor  se r ies  [ l o o ,  1 0 1 3  f o r  t h e  t ransmissi 'on f u n c t i o n ,  f o r  ex
ample, w i t h  an a r t i b r a r y  absorbing-substance d i s t r i b u t i o n ,  w e  have /45-
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Here, spAvfp' ''I I i s  t he  v a r i a t i o n a l  d e r i v a t i v e  of t h e  t ransmis
(''I 40 ( p )  

s i o n  f u n c t i o n  c a l c u l a t e d  a t  p o i n t  p '  for t h e  s t a n d a r d  d i s t r i b u t i o n  
qo (p ) .  It equa l s  

P 
(1.60) 


and 

R e l a t i o n s  (1 .59)  and ( 1 . 6 0 )  can b e  used t o  c a l c u l a t e  t r a n s 
miss ion  f u n c t i o n s  f o r  a r b i t r a r y  q ( p )  d i s t r i b u t i o n s .  N a t u r a l l y ,
q ( p )  must b e  q u i t e  c l o s e  to q o ( p )  t o  o b t a i n  h igh  accuracy i n  t h e  
pAV 

c a l c u l a t i o n s .  The corresponding expres s ions  for t empera ture  
c o r r e c t i o n  of t h e  t r a n s m i s s i o n  f u n c t i o n s  can b e  w r i t t e n  s i m i l a r l y .  

As w e  see from (1 .59)  and (1.60), the  proposed c o r r e c t i o n  
method r e q u i r e s  a d d i t i o n a l  c a l c u l a t i o n s .  I n  a d d i t i o n  t o  v a l u e s  o f  
the  t r a n s m i s s i o n  f u n c t i o n  i t s e l f ,  i t  i s  necessary  t o  c a l c u l a t e  t h e  
v a r i a t i o n a l  d e r i v a t i v e s ,  which are f u n c t i o n s  of t h e  two v a r i a b l e s  
p and p ' .  N a t u r a l l y ,  t h i s  complicates  t h e  a l ready  cumbersome c a l 
c u l a t i o n s .  However, c a l c u l a t i o n  o f  t h e  v a r i a t i o n a l  d e r i v a t i v e s  i s  
based on c a l c u l a t i o n s  o f  t h e  same a b s o r p t i o n  and monochromatic-
t r a n s m i s s i o n  c o e f f i c i e n t s  as are used f o r  t h e  t r a n s m i s s i o n  func
t i o n s  themselves .  Another p o s s i b l e  approach i s  a compromise i n  
which t h e  f i r s t  t e r m  i n  (1 .59)  i s  c a l c u l a t e d  e x a c t l y  by t h e  d i r e c t  
methods, wh i l e  t he  second,  c o r r e c t i n g  t e r m  i s  found w i t h  t h e  a id  
of approximate methods o f  cons ide r ing  atmospheric  inhomogeneity.
S ince  t h e  approximate methods w i l l  b e  used t o  f i n d  no t  the  t r a n s 
miss ion  f u n c t i o n s  themselves ,  bu t  a s m a l l  c o r r e c t i n g  term, t h e  
e r r o r  r e s u l t i n g  from use  of t h e s e  methods w i l l  b e  of the  second 
o r d e r  of sma l lnes s  by comparison w i t h  the  e r r o r s  i n c u r r e d  when 
they  are a p p l i e d  d i r e c t l y .  

Transmission of  a aas mixture .  The a b s o r p t i o n  bands o f  va r 
i o u s  a tmospher ic  gases  are observed t o  ove r l ap  i n  v a r i o u s  r e g i o n s
i n  the i n f r a r e d .  For example, t h o s e  of  carbon d iox ide  and water /* 
vapor  o v e r l a p  i n  t he  13-18 and2.7-pm r e g i o n s .  T h i s  poses  the 
problem of o b t a i n i n g  t r a n s m i s s i o n  f u n c t i o n s  for a mixture  of  d i f 
f e r e n t  g a s e s .  Gas-mixture t r a n s m i s s i o n  and i t s  r e l a t i o n  to the  
t r a n s m i s s i o n s  of the  i n d i v i d u a l  components have been s t u d i e d  i n  a 
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number o f  exper iments .  Reference [lo21 a r r i v e d  a t  the  impor tan t
conclus ion  t h a t  the  fo l lowing  r e l a t i o n s h i p  is sa t i s f i ed  q u i t e  ac
c u r a t e l y  under c e r t a i n  c o n d i t i o n s :  

p,4-2- -PIP, .  (1.61) 

Here P1+2 i s  the t r a n s m i s s i o n  of t h e  gas mix tu re  and P I  and Pp are 
t h e  t r ansmiss ion  f u n c t i o n s  o f  t h e  two g a s e s  under  c o n s i d e r a t i o n .  

T h i s  r e l a t i o n s h i p  i s  e x a c t  f o r  t h e  t r a n s m i s s i o n  of monochro
mat ic  r a d i a t i o n .  We might no te  one more t r i v i a l  ca se  i n  which 
( 1 . 6 1 )  may be  s a t i s f i e d  f o r  nonzero s p e c t r a l  i n t e r v a l s .  The mul
t i p l i c a t i o n  method i s  v a l i d  i f  a t  l eas t  one o f  t he  absorb ing  gases
has a frequency-independent a b s o r p t i o n  c o e f f i c i e n t  i n  t h e  s p e c t r a l  
range cons idered .  A s i t u a t i o n  s imi la r  to t h i s  ca se  i s  observed 
for r e l a t i v e l y  narrow s p e c t r a l  i n t e r v a l s  i n  which t h e  a b s o r p t i o n
of one o f  t he  gases  i s  due b a s i c a l l y  t o  t h e  wings of  remote spec
t r a l  l i n e s  - to a continuum i n  which t h e  a b s o r p t i o n  c o e f f i c i e n t  
depends ra ther  weakly on frequency.  Other c o n d i t i o n s  under  which 
( 1 . 6 1 )  i s  a p p l i c a b l e  a r e  i n d i c a t e d  i n  [3 ,  103 ,  1041. Most impor
t a n t  among t h e s e  a re  over lapping  of  bands w i t h  random l i n e  pos i 
t i o n s  i n  each band and over lapping  o f  r e g u l a r  bands w i t h  d i f f e r 
e n t  va lues  of t h e  i n t e r v a l s  between l i n e s .  However, we s t r e s s  
t ha t  t h e s e  cond i t ions  are a p p l i c a b l e  only t o  r a t h e r  broad s p e c t r a l
i n t e r v a l s .  

The high accuracy o f  ( 1 . 6 1 )  has r e c e n t l y  been confirmed ex
pe r imen ta l ly  no t  only f o r  t h e  c o n d i t i o n s  s t a t ed  above, b u t  a l s o  
for o t h e r  r e a l  s i t u a t i o n s  i n  which a b s o r p t i o n  bands ove r l ap .  D.  
Burch, J .  Howard, and D. W i l l i a m s  [ l o 2 1  s t u d i e d  t r a n s m i s s i o n  i n  
t h e  2.7-um r eg ion .  Here we encounter  a water-vapor band c o r r e 
sponding t o  VI and v 3  v i b r a t i o n s  and a C 0 2  band formed b y  a com
b i n a t i o n  o f  r e s o n a n t  l e v e l s .  A low-reso lu t ion  spec t romete r  was 
used t o  v e r i f y  t h e  m u l t i p l i c a t i o n  method f o r  s p e c t r a l  i n t e r v a l s  
con ta in ing  l a r g e  numbers of s p e c t r a l  l i n e s .  The accuracy of  
(1.60) f o r  a broad tempera ture  range  (400- l0OO0K)  was i n v e s t i g a t e d  
by  E . S .  Kuznetsova and M.V. Podkladenko [lO5]. These a u t h o r s  con
cluded t h a t  f o r  s p e c t r a l  i n t e r v a l s  o f  w i d t h  Au % 2 5  em", t h e  
m u l t i p l i c a t i o n  method i s  v a l i d  wi th  a r e l a t i v e  e r r o r  of AP/P < 
- 10%. It i s  noted  t h a t  t r a n s m i s s i o n  c a l c u l a t i o n s  u s i n g  (1.60) /47

u s u a l l y  g ive  va lues  t h a t  are somewhat on t h e  h igh  s ide ;  t h i s  ev i 
d e n t l y  cannot be exp la ined  completely i n  terms o f  measurement 
errors. 


The accuracy of t h e  m u l t i p l i c a t i o n  method was i n v e s t i g a t e d
f u r t h e r  i n  [lO3, 1 0 4 1 ,  which a r e  e s p e c i a l l y  impor t an t  i n  t h a t  they  
were concerned w i t h  s u b s t a n t i a l l y  narrower s p e c t r a l  i n t e r v a l s .  
The over lapping  ranges  o f  t h e  CO and NOn bands ( v  Q 2200 cm-'> and 
t h e  CHI, and NO2 bands (u Q 1300 cm-') were i n v e s t i g a t e d .  The de
v i a t i o n s  from ( 1 . 6 1 )  t h a t  were observed a t  low r e s o l u t i o n s  
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(Av z 10-15 em-') d i d  n o t  exceed 5% o f  t he  a b s o l u t e  t r ansmiss ion .  
The method u s u a l l y  gave low-side t r a n s m i s s i o n  v a l u e s .  Approxi
mately the same r e s u l t s  were ob ta ined  i n  a numerical  i n v e s t i g a 
t i o n  of mul t ip l ica t ion-method accuracy f o r  t h e  over lapping  range
o f  t h e  l5-pm COS band and the HpO-vapor r o t a t i o n a l  band. The 
t r ansmiss ion  f u n c t i o n s  were computed d i r e c t l y  f o r  i n t e r v a l s  5
10 cm" wide i n  the 15-20-pm r e g i o n  [87]. 

High-reso lu t ion  measurements produced d i s c r e p a n c i e s  between 
t h e  va lues  determined by the  m u l t i p l i c a t i o n  method and t h e  exac t  
gas-mixture t r a n s m i s s i o n  va lues ;  they  ranged  up t o  1 0 %  of t h e  ab
s o l u t e  t r a n s m i s s i o n ,  b u t  t h e  a u t h o r s  of [ l o 4 1  f e e l  t ha t  measure
ments w i t h  more s o p h i s t i c a t e d  in s t rumen t s  w i l l  be necessary  t o  
a r r i v e  a t  a f i n a l  judgement as t o  t h e  accuracy of ( 1 . 6 1 ) .  

On t h e  basis of a v a i l a b l e  exper imenta l  data  and t h e o r e t i c a l  
c o n s i d e r a t i o n s ,  w e  should  expec t  marked d e v i a t i o n s  from ( 1 . 6 1 )
f o r  r a t h e r  narrow s p e c t r a l  i n t e r v a l s  c o n t a i n i n g  c l o s e l y  spaced
l i n e s  of v a r i o u s  gases .  T h i s  was checked by d i r e c t  c a l c u l a t i o n  
of t r ansmiss ion  f u n c t i o n s  f o r  s p e c t r a l  i n t e r v a l s  of va r ious  wid ths .  
The  e r r o r s  of t r ansmiss ion - func t ion  de te rmina t ion  by  t h e  m u l t i p l i 
c a t i o n  method i n c r e a s e  w i t h  d iminish ing  d i s t a n c e  between t h e  spec
t r a l  l i n e s  and may r each  va lues  around 1 0 %  of a b s o l u t e  t ransmis
s i o n  [106] .  

Thus, h igh  accuracy may be  expec ted  i n  t h e  r e s u l t s  ob ta ined  
w i t h  (1 .61)  when the  fo l lowing  c o n d i t i o n s  are s a t i s f i e d :  

1) t h e  s p e c t r a l  i n t e r v a l s  Av must be  broad enough t o  i n c l u d e  
s e v e r a l  a b s o r p t i o n  l i n e s ;  

2 )  t h e  q u a n t i t y  of absorb ing  subs t ances  i n  t he  gas mixture  
and i n  a b s o r p t i o n  by t h e  i s o l a t e d  components must be t h e  same; 

3) t h e  p r e s s u r e s  a t  which t h e  t r a n s m i s s i o n s  of t h e  gas  mix
t u r e  and i t s  components were determined must be t h e  same ( s u b s t i 
t u t i o n  of equ iva len t -p res su re  e q u a l i t y  f o r  t h i s  l a s t  c o n d i t i o n  i m 
proves t h e  accuracy of ( 1 . 6 1 )  by  a f a c t o r  o f  2-3 C l O 4 l ) .  

Let  us pause on y e t  ano the r  problem whose s o l u t i o n  does much 
t o  determine t h e  volume o f  c a l c u l a t i o n s  needed for t h e o r e t i c a l  
a c q u i s i t i o n  of t h e  v a r i o u s  c h a r a c t e r i s t i c s .  A s  w e  know, t h e  ab- /*
s o r p t i o q  c o e f f i c i e n t  i s  expressed  as fo l lows  under t h e  combined 
i n f l u e n c e  of two l ine-broadening  f a c t o r s  t h a t  a r e  extremely i m 
p o r t a n t  f o r  t h e  e a r t h ' s  atmosphere - the  Doppler e f f e c t  and 
molecular  c o l l i s i o n s  : 

where the  f u n c t i o n  H ( a ,  w )  and t h e  parameters  a, w, and ko are 
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t h o s e  de f ined  e a r l i e r  (page 2 1 ) .  
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Figure  1 .6 .  L i m i t s  o f  Applica
b i l i t y  o f  Various ' S p e c t r a l -
Line Contours i n  C a l c u l a t i o n  
of Equiva len t  Widths w i t h  Er
ror no Grea te r  t h a n  5%. a )
Doppler contour ;  b )  Lorentz  
contour .  

Although c a l c u l a t i o n  of 
t h e  f u n c t i o n  H ( a ,  w )  no longe r
i n v o l v e s  any fundamental  d i f 
f i c u l t i e s ,  i t  i s  desirable  t o  
use t he  much s i m p l e r  Lorentz  
e x p r e s s i o n  whenever p o s s i b l e
i n  large-volume c a l c u l a t i o n s .  
Thus, w e  encounter  the  prob
l e m  o f  a s c e r t a i n i n g  the physi
c a l  c o n d i t i o n s  c a l l i n g  f o r  use  
of one o r  ano the r  of t h e  spec
t r a l - l i n e  contours .  T h i s  prob
l e m  has been d i scussed  i n  a 
number of papers i n  connect ion 
w i t h  s o l u t i o n  of var ious  prob
l e m s  C81, 107-1091. F i r s t  o f  
a l l ,  i t  must be noted  t ha t  t h e  
l i m i t s  o f  a p p l i c a b i l i t y  of  a 
g iven  contour  depend on t h e  
accuracy r e a u i r e d  i n  c a l c u l a 
t i o n  of- t h e  - t r ans fo rma t ion  

c h a r a c t e r i s t i c  o f  i n t e r e s t  t o  us ,  the  r e g i o n  of t h e  spectrum, and 
t h e  s p e c i e s  of t he  abso rb ing  gas. 

The s i m p l e s t  way of e s t i m a t i n g  t h e  l i m i t s  of  u se fu lness  of 
a g iven  contour  i s  t o  compare t h e  ha l f -wid ths  of t h e  Lorentz  and 
Doppler l i n e s .  It i s  u s u a l l y  cons idered  unnecessary to take ac
count of t heDopp le r  e f f e c t  i f  aL > aD. On the  o t h e r  hand, i f  

aL -< aD, Doppler broadening  i s  impor tan t .  I n  s p i t e  of the  s i m p l i 
f i e d  approach, which does not  take account  o f  a tmospheric  radia
t i v e  t r a n s f e r  p r o c e s s e s  i n  a l l  t h e i r  complexi ty ,  t h i s  e s t i m a t e  
g i v e s ,  i n  f i r s t  approximation,  t h e  r e g i o n s  of t he  atmosphere i n  
which t h e  composite Lorentz-Doppler contour  must be  used. How
e v e r ,  i t  must be no ted  t h a t  even if t h e  c o n d i t i o n  aL I_ aD i s  
s a t i s f i e d ,  c o n s i d e r a t i o n  of Doppler broadening i s  supe r f luous  i n  
many cases  (e .g . ,  under c o n d i t i o n s  of weak and s t r o n g  abso rp t ion )  
CI-071 

To determine q u a n t i t a t i v e l y  t h e  p h y s i c a l  c o n d i t i o n s  under 
which t h e  mixed contour  must be used,  a number of au thor s  have 
compared e q u i v a l e n t  s p e c t r a l - l i n e  wid ths  f o r  va r ious  p r e s s u r e s  and 
absorbing-substance c o n t e n t s  [110-112]: 
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F i g u r e  1 . 6  i n d i c a t e s  the r eg ions  i n  which the  mixed contour  
must be used t o  c a l c u l a t e  W w i t h  an e r r o r  no g r e a t e r  t h a n  5%. W e  
no te  t h a t  t h e  a c t u a l  e r r o r s  may be much smaller even i n  these 
r anges ,  and t h a t  they  can e a s i l y  be determined w i t h  the  r e s u l t s  
o f  [85, 861. I n  rea l -a tmosphere  c a l c u l a t i o n s ,  i t  i s  necessary  t o  
deal w i t h  p ropaga t ion  pa ths  a long which the  p r e s s u r e  v a r i e s  and 
c o n s i d e r a t i o n  o f  t h e  Doppler broadening may be  necessary  for one 
segment and supe r f luous  for ano the r .  The r e s u l t s  o f  [112] may b e  

//4J 

used t o  r e s o l v e  t h e  con tour  q u e s t i o n  i n  t h i s  case .  T h i s  s tudy
g i v e s  estimates of t h e  e r r o r  r e s u l t i n g  from n e g l e c t  of t h e  Doppler
e f f e c t  i n  c a l c u l a t i n g  e q u i v a l e n t  wid ths  for t h e  atmospheric  l a y e r
from the  upper boundary t o  the  l e v e l  w i t h  p r e s s u r e  E. The case  of 
an i s o t h e r m a l  atmosphere w i t h  cons t an t  volume concen t r a t ion  o f  the  
absorb ing  subs t ance  w a s  s t u d i e d .  We no te  t h a t  for r ea l  s p e c t r a l
i n t e r v a l s  c o n s i s t i n g  of many over lapping  l i n e s  i n  which a b s o r p t i o n
i n  t h e  Lorentz  wings i s  s i g n i f i c a n t ,  use  of the  pure  Lorentz  con
t o u r  i s  j u s t i f i e d  a t  lower p r e s s u r e s  t h a n  F i g .  1 . 6  would i n d i c a t e .  
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C h a p t e r  2 

ANGULAR A N D  S P E C T R A L  D I S T R I B U T I O N S  OF T H E  O U T G O I N G  
T H E R M A L  R A D I A T I O N  

A s  w e  have a l r eady  no ted ,  t h e  i n i t i a l  data f o r  s o l u t i o n  o f  
a tmospheric  tempera ture  sounding problems are  the  r e s u l t s  o f  
measurements o f  t h e  s p e c t r a l  and/or a n g u l a r  d i s t r i b u t i o n s  o f  t h e  
outgoing thermal  r a d i a t i o n .  It i s  t h e r e f o r e  impor tan t  t o  d i s 
cuss  t h e  p r e s e n t l y  a v a i l a b l e  in fo rma t ion  on t h e  laws governing
t h e  s p e c t r a l  and angular  d i s t r i b u t i o n  o f  t h e  ea r th ' s  thermal  
r a d i a t i o n  i n t o  t he  cosmos. U n t i l  q u i t e  r e c e n t l y ,  there  was a l 
most no such exper imenta l  i n fo rma t ion  a v a i l a b l e .  Over t h e  l a s t  
f i v e  t o  t e n  y e a r s ,  however, t h e  s i t u a t i o n  has changed subs tan
t i a l l y  : a comparat ively l a r g e  number of a i r c r a f t ,  a e r o s t a t ,  
r o c k e t ,  and s a t e l l i t e  measurements has  made i t  p o s s i b l e  t o  assem
b l e  a ra ther  complete p i c t u r e  o f  t h e  outgoing thermal  r a d i a t i o n  
f i e l d  t h a t  i s  observed i n  r e a l i t y .  The s u b s t a n t i a l  p rog res s  t h a t  
has  been made i n  exper imenta l  s tudy  of t h e  outgoing  r a d i a t i o n  
has been due p r i m a r i l y  t o  advances i n  t h e  development o f  t h e  
a p p r o p r i a t e  rocke t - and s a t e l l i t e - b o r n e  in s t rumen t s .  F o r  t h i s  
r eason ,  w e  s h a l l  t u r n  our  a t t e n t i o n  f i r s t  o f  a l l  t o  t h e  b a s i c  
types  of  r a d i a t i o n  in s t rumen t s  t h a t  have been developed f o r  ex
pe r imen ta l  s tudy  o f  the outgoing thermal  r a d i a t i o n  f i e l d  and ac
q u i s i t i o n  o f  the  data necessary  t o  s o l v e  t h e  thermal-sensing 
p rob l e m  . 
$1. ROCKET- AND SATELLITE-BORNE R A D I A T I O N  EQUIPMENT 

Sov ie t  i n v e s t i g a t o r s  have developed a wide v a r i e t y  o f  radiom
e te r  and spec t r3meter  t ypes  f o r  measurement of t h e  angu la r  and 
s p e c t r a l  d i s t r i b u t i o n s  o f  t h e  outgoing r a d i a t i o n  [l-183. A . M .  
Kasatkin [2J d e s c r i b e d  t h e  des ign  o f  a h i g h - a l t i t u d e  o p t i c a l  s ta
t i o n  (HOS) designed f o r  mul t i i n s t rumen t  r o c k e t  s t u d i e s  o f  the  
r a d i a t i o n  f i e l d  i n  t he  upper layers  of  the atmosphere.  The /& 
s c i e n t i f i c  ins t rument  package o f  t h e  HOS, which had a t h r e e - a x i s  
automatic  o r i e n t a t i o n  mechanism, a l s o  inc luded  such in s t rumen t s  
as a s o l a r - p o s i t i o n  and corona s e n s o r ,  t e l e s c o p i c  photometers
wi th  c o l o r  f i l t e r s ,  t e l e s c o p i c  spec t romete r s ,  s p e c t r a l  a n a l y z e r s ,  
e t c .  However, t h e  HOS was used p r i m a r i l y  t o  i n v e s t i g a t e  s h o r t -
wavelength r a d i a t i o n .  

The f i rs t  rocke t  measurements of t h e  ea r th ' s  thermal  radia
t i o n  i n  a broad r e g i o n  of t h e  spectrum (0.8-40 pm) a t  a l t i t u d e s  
up t o  500 km were undertaken i n  t h e  USSR i n  1958 by A.V.  Liventsov, 
M . N .  Markov, Y a . 1 .  Merson, and M.R. Shamilev [ 4 ] .  A diagram o f  
t h e  experiment,  which was c a r r i e d  out  w i t h  a geophys ica l  rocke t  on 
27 August 1958  (as p a r t  of t he  program of  t h e  I n t e r n a t i o n a l  



Geophysical Year) , appears  i n  F i g .  
2 .1 .  D i f f e r e n t i a l  r ad iomete r  B,  
which has two l e n s e s ,  i s  r o t a t e d  
cont inuous ly  as t h e  r o c k e t  r i s e s  
and descends,  t hus  e f f e c t i n g  c i r 
c u l a r  scanning  i n  t he  v e r t i c a l  
p l ane .  A s  many as 50 success ive  
c i r c u l a r  scanning  s e r i e s  can be  
ob ta ined  du r ing  the f l i g h t  of the  
r o c k e t  (on the  ascending  and de
scending branches o f  i t s  t r a j e c 
t o r y ) ,  which takes about 1 0  minutes. 
The  l e n s e s  have a f i e l d  about 0 .02  
r a d i a n  wide.  

F igu re  2 .2  p r e s e n t s  a b lock  
diagram o f  the  rad iometer .  When 
the  o p t i c a l  head i s  i n  working
p o s i t i o n ,  the two Cassegra in  ob
j e c t i v e s  are aimed i n  oppos i t e
d i r e c t i o n s .  During t h e  scanning  
p rocess  ( t h e  scann ing  speed i s  
about 6O/sec), t h e  l e n s e s  a r e  
p o i n t e d  toward t h e  ear th  and i n t o  
space  by t u r n s .  A f t e r  p a s s i n g
through t h e  o b j e c t i v e s  1 and 2 and 
being r e f l e c t e d  from the m i r r o r s ,  
t h e  r a d i a t i o n  i s  modulated by a 
c h o w e r  (frequency 80 Hz) and f a l l s  
ontb- bolometers  3: The  r ad iomete r ' s  

F i g u r e  2 . 1 .  Diagram o f  
Rocket Experiment ( i n
Scanning P lane )  t o  Meas
u r e  I n t e g r a t e d  Outgoing
T h e r m a l  Rad ia t ion .  

durs e n s i t i v i t y  i s  monitored 
i n g  i t s  o p e r a t i o n  by  means of  a s t a n d a r d  r a d i a t i o n  source  ( incan
descent  lamp).  Bolometers w i t h  a r e c e i v i n g  area of about 3 mm2 
are  used i n  the in s t rumen t ;  they  have a s e n s i t i v i t y  of 15 V/W
when connected i n t o  a b r i d g e  c i r c u i t ,  and a t i m e  c o n s t a n t  o f  about 
5 msec. I n  t h i s  c a s e ,  t he  s e n s i t i v i t y  t h r e s h o l d  i s  lo-' W/Hz a t  
t h e  ~ O - H Z  modulation frequency.  A va r i ab le - t empera tu re  b l a c k  
body w a s  used f o r  p r e f l i g h t  c a l i b r a t i o n  of t h e  r ad iomete r  ( l i q u i d
n i t r o g e n  se rved  t o  model t h e  n u l l  s i g n a l  from s p a c e ) .  The radiom
e t e r ' s  r ead ings  were r eco rded  on s t a n d a r d  6.3-mm-wide magnetic 
t a p e .  A s i m i l a r  r ad iometer  was a l s o  used on a e r o s t a t s  to measure 
i n f r a r e d - r a d i a t i o n  a n g u l a r  d i s t r i b u t i o n s  [3]. The modif ied r o c k e t  
r ad iomete r  mounted on the  h i g h - a l t i t u d e  o p t i c a l  s t a t i o n  d i f f e red  
i n  t ha t  i t s  r e f e r e n c e  o b j e c t i v e  was always po in ted  a t  t he  z e n i t h .  

References 130-331 d e s c r i b e  t h e  i n f r a r e d  and a c t i n o m e t r i c  i n 
s t r u m e n t a t i o n  des igned  f o r  measurement of  ou tgoing  r a d i a t i o n  
f l u x e s  i n  va r ious  r e g i o n s  of t h e  spectrum on Sov ie t  weather satel
l i t e s .  

The t e l e v i s i o n - t y p e  i n f r a r e d  scanning appa ra tus  p rov ides  f o r  
a c q u i s i t i o n  o f  images o f  b o t h  t h e  daytime and n igh t t ime  sides of 
t h e  p l a n e t .  The scanning  u n i t ,  which i s  provided  w i t h  a senso r  
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Figure  2 . 2 .  Block Diagram of  Radiometer 
f o r  Measurement of  I n t e g r a t e d  T h e r m a l  
Rad ia t ion .  1) O p t i c a l  scanning  head; 2 )
o p t i c a l  n u l l - s i g n a l  head; 3 )  bolometers ;
4 )  scanning  mechanism; 5 )  a m p l i f i e r ;  6 )
t e l eme t ry ;  7 )  motor power source ;  8 )
on-board command u n i t ;  9 )  power source  
( s e l f - c o n t a i n e d ) .  

r e spons ive  t o  t h e  8-12
pm band, can b e  used t o  
c o n s t r u c t  i n f r a r e d  i m a 
ges  for l a t e r  conversion 
t o  v i s i b l e  images. The 
working p r i n c i p l e  of t h e  
i n f r a r e d  in s t rumen t s  i s  
based on the f a c t  t h a t  
the  thermal  r a d i a t i o n  
from t h e  ea r th ' s  s u r f a c e  
o r  c louds ,  whose maxi
mum l i e s  i n  t h e  8-12-pm
band, i s  determined by  
t he  tempera ture  of  t h e  
r a d i a t i n g  s u r f a c e .  On /53
t h e  o t h e r  hand, it i s  i n  
t h i s  band of  t h e  t r a n s 
parency window t h a t  t h e  
atmosphere absorbs  al
most none of  t h e  radia
t i o n .  S ince  t h e  temper
a t u r e s  of t h e  ea r th ' s  
s u r f a c e  and t h e  c louds 
d i f f e r  are usu(c louds

a l l y  c o l d e r  and t h e r e f o r e  do not  radiate  as s t r o n g l y ) ,  t h i s  c re 
a t e s  thermal  c o n t r a s t s  tha t  make i t  p o s s i b l e  t o  d i s t i n g u i s h  clouds 
a g a i n s t  t h e  background of t h e  e a r t h ' s  s u r f a c e .  The s t r i p  covered 
on t h e  ground by t h e  i n f r a r e d  appa ra tus  i s  about 1000 k m  wide, and 
i t s  s p a t i a l  r e s o l u t i o n  a t  t h e  s u b s a t e l l i t e  p o i n t  i s  1 5  x 15  k m .  
T h i s  equipment can r e g i s t e r  tempera ture  c o n t r a s t s  no smaller than  
2-3O a t  above-freezing tempera tures  and 7 - 8 O  a t  below-freezing 
tempera tures .  

The a c t i n o m e t r i c  appa ra tus ,  whose f u n c t i o n  i s  to a c q u i r e  i n 
formation on t h e  thermal  ba l ance  ( h e a t  i n f l u x  and e f f l u x )  of t h e  
ear th  as a p l a n e t ,  i n c l u d e s  two scanning narrow-angle r a d i a t i o n  
r e c e i v e r s  w i t h  an i n s t a n t a n e o u s  f i e l d  of 4 x 5 O  and two wide-angle
ins t rumen t s  ( w i t h  f i e l d s  of 136-140°), t h a t  cover  t h e  e n t i r e  d i s k  
of  t h e  e a r t h  as seen  from s a t e l l i t e  a l t i t u d e .  One o f  t h e  narrow-
ang le  senso r s  measures t h e  s o l a r  r a d i a t i o n  r e f l e c t e d  by t h e  e a r t h  
i n t o  space  (wavelength range  from 0 . 3  t o  3 p m ) .  The o t h e r  meas
u r e s  t h e  ear th ' s  thermal  r a d i a t i o n  i n t o  space :  i n  t h e  3-30-pm re
gion of t h e  spectrum dur ing  scanning  i n  one d i r e c t i o n  and i n  the  
8-12-pm i n t e r v a l  du r ing  scanning i n  the  o p p o s i t e  d i r e c t i o n  ( s e e
diagram o f  ac t inomet r i c -da ta  c o l l e c t i o n  i n  F ig .  2 . 3 ) .  The a c t i n o 
m e t r i c  i n s t rumen t s  cover  a s t r i p  about 2500 k m  wide on t h e  ear th ' s  
s u r f a c e  and have a s p a t i a l  r e s o l u t i o n  of 50 x 50 k m  a t  t h e  sub-
s a t e l l i t e  p o i n t .  

The o p t i c a l  system o f  t h e  long-wave channel  i n  t h e  narrow-
ang le  scanning r ad iomete r  ( F i g .  2 . 4 )  i n c o r p o r a t e s  t h e  fo l lowing
elements [321 : 
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1) a c y l i n d r i c a l  f a i r i n g
made of KRS-5, which seals 
the  in s t rumen t  and pe rmi t s
scanning  and c a l i b r a t i o n ;  

2 )  a c o n i c a l  scanning
m i r r o r ,  which compensates the 
divergence o f  t h e  beam a f t e r  
it has passed  through the  
f a i r i n g  ; 

3) a th ree - lobe  m i r r o r  
modulator,  which i n t e r r u p t s
the  r a d i a t i o n  f l u x  a t  a f re 
quency o f  80 Hz; 

4 )  c o l o r  f i l t e r s  f o r  i s o 
l a t i o n  o f  the s p e c t r a l  zones 
mentioned above and f o r  c a l i 
b r a t i o n ;  

5)  an o f f - a x i s  p a r a b o l i c
mi r ro r ;  

6 )  a bolometer ;  

7 )  a KRS-5 space  window; 

8)  a s t a n d a r d - l i g h t - F i g u r e  2.3. Diagram Showing Colsource  u n i t .  l e c t i o n  o f  Act inometr ic  Data. 
I n  t h e  double-beam ( d i f 

f e r e n t i a l )  system used here ,  r a d i a t i o n  s t r i k e s  t h e  r e c e i v e r  from 
t h e  e a r t h  and from space  by  t u r n s .  

The o p t i c a l  s y s t e m  of t h e  short-wavelength channel  i s  s imple r  /54
( i n  t h i s  case  i t  i s  unnecessary t o  use t h e  double-beam s y s t e m  and 
there  i s  no swi t ch ing  between o p t i c a l  f i l t e r s ) .  Scanning takes 
p l a c e  i n  t he  p l a n e  p e r p e n d i c u l a r  t o  the  s a t e l l i t e ' s  d i r e c t i o n  of 
motion. The two channels  are synchronized .  

F igu re  2.5 e x p l a i n s  t h e  o p t i c a l  system used i n  t h e  wide-angle
rad iometer  ( i n  t h i s  case ,  t he  o p t i c a l  systems are i d e n t i c a l  f o r  
bo th  channe l s ) .  Devices tha t  pe rmi t  va ry ing  no t  only t h e  tempera
ture  of  t h e  r e f e r e n c e  b l a c k  body, b u t  a l s o  t h a t  of t h e  r ad iomete r  
case  under c o n d i t i o n s  s i m u l a t i n g  t h o s e  of o u t e r  space  are used 
for p r e f l i g h t  c a l i b r a t i o n  of  t h e  r a d i o m e t e r ' s  long-wave channels  
(L.B. K r a s i l ' s h c h i k o v  [33] g i v e s  de ta i l s  o f  the  c a l i b r a t i o n  pro
cedure ) .  Incandescent  lamps were used as s t a n d a r d s  f o r  moni tor ing  155 
rad iometer  s e n s i t i v i t i e s  on board  t h e  s a t e l l i t e .  

.... 
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Figure  2 . 4 .  O p t i c a l  T r a i n  of Narrow-
Angle Radiometer Long-Wave Channel. 1)
C y l i n d r i c a l  f a i r i n g ;  2 )  modulator ;  3 )
bolometer ;  4 )  o f f - a x i s  parabolic mirror ;
5 )  c o l o r  f i l t e r s ;  6 )  space  window; 7 )
standard l i g h t - s o u r c e  u n i t ;  8 )  scan
n ing  mi r ro r .  

P . A .  Bazhul in ,  A .  
V. Kar tashev ,  and M.N. 
Markov [5, 71 developed
r o c k e t  and s a t e l l i t e  
spec t romete r  models f o r  
measurement of t h e  out
going i n f r a r e d  radia
t i o n .  I n  t h i s  case ,  
scanning  i s  s p e c t r a l  as 
w e l l  as i n  ang le .  Space
scann ing  i s  the  f u n c t i o n  
o f  s cann ing  m i r r o r  1 
(F ig .  2 . 6 ) ,  which rocks  
through a n  ang le  of 
+goo ( a n  ang le  of 180" 
i s  scanned i n  100  s e c ) .
With m i r r o r s  7 and 8 ,  /56-
the  s p h e r i c a l  Casse
g r a i n  o b j e c t i v e  concen
t ra tes  the  r a d i a t i o n  on 
s h o r t - l a g  bolometer  4 .  
T h i s  bo lometer ,  which 
has a r e c e i v i n g  area of  
0 .3  x 9 m m 2 ,  a resis-

F igure  2.5. O p t i c a l  Diagram of  
Wide-Angle Radiometer. 1) Color-
f i l t e r  f a i r i n g ;  2 )  modulator ;
3 )  bolometer .  

t a n c e  o f  1000 ohms, and a t i m e  

c o n s t a n t  of 5-7 msec, has con

v e r s i o n  e f f i c i e n c i e s  up to 40 

V/W and a d e t e c t i o n  c o e f f i  

c i e n t  D* = 1.5  l o 9  a t  a 

modulat ion frequency o f  30-40 

Hz. The s i g n a l s  go from the 

bolometer  to a broad-band am

p l i f i e r  (passband 0.5-200 Hz, 

g a i n  greater  t h a n  lo5) and
-

thence  to t he  ear th  v i a  telem

e t r y  sys tem or f o r  reg is t ra  

t i o n  on t h e  on-board loop os

c i l l o g r a p h  ( t h e  l a t t e r  i s  one 

of t h e  s a t e l l i t e  measurements). 


S p e c t r a l  scanning  i s  accomplished by i n t r o d u c i n g  absorb ing
pla tes  w i t h  s u c c e s s i v e l y  s h i f t e d  long-wave l i m i t s  i n t o  t h e  radia
t i o n  p a t h .  These p l a t e s  are mounted i n  t he  d i s k  o f  modulator 3, 
r o t a t i o n  of which modulates t h e  i n p u t  s i g n a l .  The use  of  f o u r  
p l a t e s ,  th ree  o f  which are p a r t i a l l y  t r a n s p a r e n t  ( l i t h i u m  f l u o r i d e ,  
ca lc ium f l u o r i d e ,  and q u a r t z ) ,  whi le  the  f o u r t h  i s  an  opaque metal 
p l a t e ,  makes i t  p o s s i b l e  to measure t h e  r a d i a t i o n  i n  broad i n t e r 
v a l s  of the spectrum and to f i n d  t h e  r a d i a t i o n  l o c a l i z e d  i n  much 
narrower s p e c t r a l  i n t e r v a l s  from t h e  d i f f e r e n c e s  between t h e  read- /57
i n g s .  F igure  2 . 7  shows t r a n s m i s s i o n  curves f o r  t he  " d i r e c t "  and 
d i f f e r e n t i a l  channels  o f  t he  spec t rometer  accord ing  to [7]. The 
f o u r  narrow bands of  the spectrum s e l e c t e d  i n  [ 4 ]  were cen te red  
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around t h e  fo l lowing
wavelengths:  3.59 ?* 0.49 pm; 4.28 f 0.29  
pm; 4 .69  ? 0 .26  pm;
6.3 * 0.35 p m .  The 
p l a t e s  were mounted un
symmetr ical ly  i n  t h e  
modulator d i s k  t o  code 
the  p o s i t i o n s  o f  the  
s i g n a l s  from the  sepa
r a t e  o p t i c a l  f i l t e r s  on 
t h e  t i m e  s c a l e .  A l l  
u n i t s  of t h e  dev ice  
tha t  c o n t a i n  moving 
p a r t s  are  sealed ( t h e  
e n t r a n c e  window i s  
made from KRS-5 c rys 
t a l ) .  

A var iable- temper
a t u r e  b l a c k  body w a s  
used t o  c a l i b r a t e  t h e  
spec t romete r  i n  t h e
l a b o r a t o r y .  The  sen
s l t i v i t y  t h r e s h o l d  f o r  
the  4.5-38-pm channel ,
expressed  i n  t e r m s  o f  
r a d i a t i o n  tempera ture  ,
v a r i e d  from 0 . 3 6  2 . 7 O K .  

*e+= ;&&=lJ'\e%.aq, 
F i g u r e  2 .6 .  Block Diagram of Rocket-
Borne I n f r a r e d  Pu l se  Spectrometer  t o  
R e g i s t e r  Angular D i s t r u b i t i o n  of Out
going Radia t ion .  1) Scanning m i r r o r ;  
2 )  sealed window; 3 )  modulator ;  4 )
bolometer;  5 )  s l i t  diaphragm; 6 )  i n n e r  
ba r r e l ;  7 )  f i r s t  s p h e r i c a l  m i r r o r ;  8 )
second s p h e r i c a l  m i r r o r ;  9 )  e l e c t r o n i c
a m p l i f i e r .  

t o  S ince  t h e  q u a n t i t y  measured d i r e c t l y
i n  t h i s  case  i s  the ear th-modulator  r a d i a n t - f l u x  d i f f e r e n c e ,  and 
modulator tempera ture  w a s  no t  monitored a c c u r a t e l y  enough, t h e  
corresponding e r r o r s  ( i n c l u d i n g  s t r a y  r a d i a t i o n  from the  windows ,
e t c . )  were excluded by f eed ing  a s t a n d a r d  r a d i a n t  f l u x  t o  t h e  
o u t p u t  one o r  more t i m e s  du r ing  each scanning c y c l e .  The radia
t i o n  from s p a c e ,  as r eco rded  i n  n e a r l y  h o r i z o n t a l  d i r e c t i o n s ,  w a s  
used as t h e  r e f e r e n c e  ( n u l l )  f l u x .  I n  some c a s e s ,  i onosphe r i c
r a d i a t i o n  was observed i n  t h i s  d i r e c t i o n ,  and t h e n  t h e  r e f e r e n c e  
f l u x  w a s  recorded  a t  a z e n i t h  angle  o f  45O. To monitor  s e n s i 
t i v i t y  constancy of t h e  r e c e i v i n g  and ampl i fy ing  system, t h e  s i g 
n a l  from a s t a n d a r d  incandescen t  lamp w a s  a p p l i e d  p e r i o d i c a l l y  t o  
t h e  i n p u t  o f  t h i s  s y s t e m .  T h i s  was done w i t h  t he  scanning m i r r o r  
i n  its h o r i z o n t a l  p o s i t i o n ,  which corresponds t o  t h e  "dead zone" 
of the  scann ing  c y c l e .  

A . I .  Lebedinskiy e t  a l .  [lo-161 des igned  t h e  d i f f r a c t i o n -
g r a t i n g  s a t e l l i t e  spec t rophotometer  t h a t  w a s  c a r r i e d  on the  Kos
mos-series s a t e l l i t e s  f o r  measurement o f  t h e  s p e c t r a l  composition
o f  the  outgoing t h e r m a l  r a d i a t i o n  i n  t h e  7-38-pm wavelength band. 
S ince  these s a t e l l i t e s  had a t h r e e - a x i s  o r i e n t a t i o n  system, t h e  
i n s t r u m e n t ' s  o p t i c a l  a x i s  w a s  always p o i n t e d  a t  t he  n a d i r .  A 
d i f f e r e n t i a l  measurement scheme was employed i n  t h e  spectrophotom
e t e r :  the  d i r e c t l y  measured q u a n t i t y  i s  the  d i f f e r e n c e  between t h e  
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unknown outgoing  r a d i a t i o n  
i n  the  v e r t i c a l  d i r e c t i o n  
and the  h y p o t h e t i c a l  space
n u l l  r a d i a t i o n  i n  t h e  h o r i 
z o n t a l  d i r e c t i o n .  Cloudage
c o n d i t i o n s  i n  t h e  s u b s a t e l 
l i t e  r e g i o n  were monitored 
w i t h  a photometer t h a t  meas
ured t h e  b r i g h t n e s s  of the 
r a d i a t i o n  a t  t he  n a d i r  i n  t he  
0.6-0.8-pm zone of t h e  spec
trum ( t h e  photometer ' s  r e s o 
l u t i o n  a t  %he ground i s  about 
30 km; i n  t h i s  c o n t e x t ,  w e  
no te  t h a t ,  f o r  example, t h e  
Kosmos 45, which c a r r i e d  one 
o f  these spec t romete r s ,  had 
a p e r i g e e  of 206 k m  and an 
apogee o f  327 k m ) .  

The e n t i r e  s p e c t r a l  
F igu re  2.7. Transmission Curves range  of t h e  in s t rumen t  i s  
of  Pulse-Spectrometer Channels. d i v i d e d  i n t o  two i n t e r v a l s  : 

7-20 and 14-38 pm. The d i s 
p e r s i n g  element f o r  the  f i r s t  

of these i n t e r v a l s  i s  a d i f f r a c t i o n  g r a t i n g  w i t h  2 4  lines/"; f o r  
the  o t h e r  i t  i s  a g r a t i n g  w i t h  1 2  l ines/"  ( t he  energy-concentra
t i o n  maxima occur  a t  about 1 0  pm and 20 pm, r e s p e c t i v e l y ) .  For 
the  f irst  of  .these i n t e r v a l s ,  t h e  s p e c t r a l  r e s o l u t i o n  v a r i e s  from 
1.4 p m  a t  a wavelength o f  7 pm t o  1.1 v m  a t  18  p m .  The co r re 
sponding f i g u r e s  f o r  t h e  second i n t e r v a l  are from 2.8 pm a t  14 p m  
t o  2.1 p m  a t  38 p m .  The spec t rophotometer ' s  i n s t a n t a n e o u s  f i e l d  
i s  1O46' x 20201, which corresponds to a 7.5 x 10-km area on the 
ground f o r  a s a t e l l i t e  250 km h igh .  P rov i s ion  i s  made f o r  scan
n ing  around t h e  n a d i r  i n  an ang le  of *80301. The r a d i a t i o n  de
t e c t o r  was a bolometer  w i t h  a s e n s i t i v e  area of  l X l mm. 

The spec t ropho tomete r ' s  complete o p e r a t i n g  c y c l e ,  which takes 
81  seconds ( i n c l u d i n g  t r a n s i t i o n  p e r i o d s ) ,  con ta ins  t h e  fo l lowing
ser ies  of measurements: 

1) measurement of energy d i s t r i b u t i o n  i n  the  spectrum from 
7 t o  20 pm w i t h i n  18.5 s e c ;  

2) scanning a long  t h e  s a t e l l i t e ' s  t r a j e c t o r y  a t  a wavelength (59
of 9 pm f o r  14.4 s e c ;  

3) measurement o f  t h e  energy d i s t r i b u t i o n  i n  t h e  spectrum
from 14 t o  38 pm f o r  18.5 s e c ;  

4 )  scanning a t  t h e  18.5-pm wavelength for 1 4 . 4  s e c .  
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Figure  2.8.  O p t i c a l  System of S a t e l l i t e  
Spectrophotometer .  1, 2 )  Mirror o b j e c t i v e s ;
3,  3 ' )  e n t r a n c e  s l i t s ;  4 ,  4 ' )  c o l l i m a t o r  
o b j e c t i v e s  ; 5,  5 '  ) d i f f r a c t i o n  g r a t i n g s  ;
6 ,  6 ' )  o b j e c t i v e s ;  7 )  modulator ;  8 )  e n t r a n c e  
window; 9 )  c o l o r  f i l t e r ;  1 0 ,  1 0 ' )  bolom
eters .  

A l l  measured data were r e g i s t e r e d  on the  35-mm motion-picture
f i l m  o f  a s ix- loop  o s c i l l o g r a p h ,  which w a s  housed i n  a r ecove rab le  
c o n t a i n e r .  The spec t rophotometer  i s  sealed and has a KRS-5 win
dow. 

F igure  2.8 shows t h e  o p t i c a l  system of  t h e  spec t romete r .
After  pas s ing  through s e a l e d  window 8 ,  t h e  r a d i a t i o n  s t r i k e s  t h e  
two-sided, four-bladed gold-p la ted  modulator 7 ,  which d i r e c t s  i t  
by t u r n s  ( a t  a frequency of 27 Hz) on to  t he  measured- and n u l l 
r a d i a n t - f l u x  e n t r a n c e  s l i t s .  Mirror  o b j e c t i v e  1 focuses  images
o f  t h e  s u r f a c e  zones of i n t e r e s t  on to  e n t r a n c e  s l i t  3. The  iden
t i c a l  o b j e c t i v e  2 i s  aimed a t  t h e  comparison background ( o u t e r
s p a c e ) .  Both of t he  monochromators r e p r e s e n t e d  on t h e  diagram
have c o l l i m a t o r s  and chambers w i t h  i d e n t i c a l  o b j e c t i v e  m i r r o r s  ( 4
and 4 ' ,  6 and 6 ' ) .  All o b j e c t i v e s  a r e  go ld -p la t ed  o f f - ax i s  para
b o l o i d s  (except  f o r  4 ' ,  which i s  made of l i t h i u m  f l u o r i d e  and n o t  
c o a t e d ) .  The p o s i t i o n s  o f  o b j e c t i v e s  1 and 2 are  such (see F ig .
2 . 8 )  t ha t  t h e  r a d i a t i o n  from t h e  s u r f a c e  under s tudy  and t h e  radia
t i o n  from the  comparison background p a s s  through the  same area of /-
t h e  e n t r a n c e  window, t h u s  e l i m i n a t i n g  t h e  i n f l u e n c e  of inhomo
g e n e i t i e s  of t h e  window. 
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Pla t e  9 ,  which i s  made from indium ant imonide and 0 . 1 5  mm 
t h i c k ,  s e r v e s  as an  o p t i c a l  f i l t e r  f o r  removal of wavelengths
s h o r t e r  t han  7 pm i n  t h e  7-20-pm channel .  For t h e  14-38-pm chan
n e l ,  t h e  f u n c t i o n s  o f  the  "cu to f f "  f i l t e r  are provided  by t h e  
l i t h i u m - f l u o r i d e  c o l l i m a t o r  o b j e c t i v e  4 ' ,  which does no t  r e f l e c t  
r a d i a t i o n  a t  wavelengths s h o r t e r  t han  1 4  pm. 

A f t e r  d i s p e r s i o n  i n t o  a spectrum by d i f f r a c t i o n  g r a t i n g s  5 ,
5 ' ,  t h e  r a d i a n t  f l u x e s  a r e  focused by o b j e c t i v e s  6 ,  6 '  onto t h e  
s e n s i t i v e  areas o f  r a d i a t i o n  d e t e c t o r s  1 0  and 10'. The func t ion
i n g  of the spec t rophotometer  i s  such t h a t  i f  r a d i a t i o n  from t h e  
t a r g e t  s u r f a c e  s t r ikes  t h e  r e c e i v e r  i n  t h e  f i r s t  channel ,  radia
t i o n  from the comparison background i s  i n c i d e n t  on t h e  second-
channel  r e c e i v e r  and v i c e  v e r s a .  The d i f f r a c t i o n  g r a t i n g s  a r e  
r o t a t e d  f o r  s p e c t r a l  scanning .  Nadir-angle scanning  i s  by r o t a 
t i o n  of o b j e c t i v e  m i r r o r s  1, 2 about a x i s  00 through an ang le  o f  
+ 1 2 O .  Two b lack  bod ies  p o s i t i o n e d  a t  a 90° a n g l e  are used f o r  
p r e f l i g h t  c a l i b r a t i o n  of t h e  in s t rumen t .  The comparison-channel
b lack  body w a s  a t  room tempera ture ,  w h i l e  t h e  tempera ture  of  t h e  
o t h e r  b l ack  body was v a r i e d .  It was r e p o r t e d  i n  [lo] t h a t  t h e  
second-order s p e c t r a  were superposed f o r  t h e  28-30-pm and 14-17
pm s p e c t r a l  i n t e r v a l s .  

A package o f  r ad iomete r s  and photometers w i t h  c o l o r  f i l t e r s  
f o r  measurement of t h e  outgoing  r a d i a t i o n  i n  va r ious  r eg ions  o f  
t h e  spectrum was mounted on t h e  Kosmos 1 4 9  s a t e l l i t e ,  which was 
launched on 2 1  March 1967  i n t o  an o r b i t  w i t h  an apogee of 297 km, 
a p e r i g e e  o f  248 k m ,  and an e q u a t o r i a l  i n c l i n a t i o n  o f  48.8O [ l 0 4 ,
1051. T h i s  s a t e l l i t e ,  which i s  an  o r b i t i n g  o p t i c a l  s t a t i o n ,  has  
a th ree -ax i s  aerogyroscopic  o r i e n t a t i o n  system t h a t  ensures  o r i en 
t a t i o n  i n  space w i t h  an e r r o r  no g r e a t e r  t h a n  5' ( o r i e n t a t i o n  was 
monitored from t h e  r ead ings  of  t h e  s c i e n t i f i c  equipment) .  One of  
t h e  main o b j e c t i v e s  i n  t h e  s c i e n t i f i c  program o f  t h e  s a t e l l i t e  i s  
de t e rmina t ion  o f  t h e  s t a ti st i  c a l  s p a t i a l - s t r u c t u r e  c h a r a c t e r i s  t i c s  
of cloud f i e l d s  and o t h e r  ground format ions  from b r i g h t n e s s  meas
urements made of  t h e  p l a n e t  i n  t h r e e  zones of t h e  spectrum o u t s i d e  
t h e  abso rp t ion  bands (wavelengths 0 .34,  0.47, and 0.74 p m ) .  Such 
measurements a l s o  enab le  us t o  acqu i r e  in fo rma t ion  on t h e  angu la r
and s p e c t r a l  d i s t r i b u t i o n s  of  t h e  a b s o l u t e  r e f l e c t e d  s o l a r  r a d i a 
t i o n ,  which was based u n t i l  r e c e n t l y  a lmost  e x c l u s i v e l y  on calcu
l a t ed  r e s u l t s .  

Another problem was t o  determine t h e  a l t i t u d e  of  t h e  cloud-
age upper boundary from measurements of reflected-solar-radiation 
b r i g h t n e s s  i n  t h e  a b s o r p t i o n  band of molecular  oxygen (0.76 pm)
and o u t s i d e  t h i s  band (0.74 pm) .  P lans  a l s o  c a l l e d  f o r  determi- /61
n a t i o n  o f  t h e  water  vapor  con ten t  deep i n  t h e  atmosphere from 
s imi la r  measured b r i g h t n e s s  data  i n  t h e  r e g i o n  o f  t h e  weak water-
vapor band (0.72 p m )  and on a comparison segment (0 .74  pm) .  

The program inc luded  measurements o f  t h e  outgoing r a d i a t i o n  
i n  t h e  8-12-pm atmospheric  t ransparency  windox w i t h  t h e  purpose o f  



determining  t h e  r a d i a t i o n  tempera ture  of t h e  under ly ing  s u r f a c e  o r  
t h e  upper c loud boundary w i t h  e r r o r s  no g r e a t e r  t h a n  1-2', as w e l l  
as measurements of  the  s o l a r  r a d i a n t  f l u x  r e f l e c t e d  by t h e  ear th  
(0.3-3 Ftm) and the  outgoing long-wave r a d i a n t  f l u x  (3-40 pm)  w i t h  
a view t o  i n v e s t i g a t i n g  the p l a n e t ' s  r a d i a t i o n  ba lance .  

For a c q u i s i t i o n  of cloudage in fo rma t ion ,  t h e  s a t e l l i t e  car 
r i e d  a t e l e v i s i o n  s y s t e m  tha t  could produce t e l e v i s i o n  p i c t u r e s
w i t h  30' coverage a t  t h e  n a d i r  s imul taneous ly  w i t h  a p i c t u r e  of 
the  t r a n s i t i o n a l  zone between space  and t h e  earth i n  f o u r  d i r e c 
t i o n s  ( t h e  l a t t e r  p e r m i t t e d  v i s u a l  monitor ing of t he  s a t e l l i t e ' s  
a t t i t u d e ) .  

The s c i e n t i f i c  equipment c o n s i s t e d  o f  two scanning t e l e s c o p i c
photometers f o r  measurement of  shortwave b r i g h t n e s s  ( f i e l d  ang le
3'; one of t h e  t e l epho tomete r s  scanned a long  the  f l i g h t  p a t h ,  t he  
o t h e r  i n  t he  p e r p e n d i c u l a r  p l a n e ) ;  a rad iometer  po in t ed  a t  t he  
n a d i r  ( f i e l d  2') f o r  measurement o f  t h e  outgoing r a d i a t i o n  i n  t h e  
8-12-um t r anspa rency  window; two rad ia t ion -ba lance  in s t rumen t s  
( f i e l d  180'). A l l  of t h i s  s c i e n t i f i c  equipment func t ioned  on a 
planned schedu le ,  and the  measured q u a n t i t i e s  were found t o  b e  i n  
t h e  expected ranges .  The aerogyroscopic ,  s t a b i l i z a t i o n  system pro
v ided  f o r  geographic  connect ion o f  t h e  r e s u l t s  w i t h  a c c e p t a b l e  
accuracy ( t h e  d e v i a t i o n s  from t h e  v e r t i c a l  d i d  no t  exceed 2 - 3 O ,  
wh,ich corresponds t o  a d i s t a n c e  of 10-15 k m  on t h e  ground) .  

For r easons  t h a t  are as y e t  u n c l e a r ,  t h e  s e n s i t i v i t i e s  of t h e  
t e l epho tomete r s  and r ad ia t ion -ba lance  in s t rumen t s  v a r i e d  w i t h  time,
b u t  t h i s  was t a k e n  i n t o  account  u s ing  t h e  on-board c a l i b r a t i o n  re
s u l t s  du r ing  r e d u c t i o n  o f  the  data.  It  i s  i n t e r e s t i n g  t o  n o t e  
tha t  the  data r e g i s t e r e d  f o r  t h e  a n g u l a r  d i s t r i b u t i o n  of  t he  
e a r t h ' s  b r i g h t n e s s  i n  v a r i o u s  r eg ions  of  t h e  spectrum showed 
anomalously h igh  b r i g h t n e s s  v a l u e s  i n  t h e  O.72-pm water  vapor ab
s o r p t i o n  band ( t h i s  may be exp la ined  by t h e  d a y t i m e  luminescence 
of t h e  atmosphere,  whose i n t e n s i t y  i s  comparable w i t h  tha t  of t h e  
r e f l e c t e d  s o l a r  r a d i a t i o n ) .  

American s p e c i a l i s t s  have developed an e x t e n s i v e  and v a r i e d  
s e r i e s  of rad iometers  and spec t rometers  f o r  rocke t  and s a t e l l i t e  
ou tgo ing- rad ia t ion  measurements. Most o f  t h i s  equipment w a s  de
s igned  f o r  i n s t a l l a t i o n  aboard weather  s a t e l l i t e s .  Ten y e a r s  of  
expe r i ence  i n  t he  development of r a d i a t i o n  appa ra tus  i n  t h e  U S A  
brought  ou t  t h e  need for a v a r i e t y  of  rad iometer  and spec t rometer  

/62models t ha t  would take account of  t h e  s p e c i f i c s  of s o l u t i o n s  of 
t he  va r ious  problems tha t  a r i se  i n  data i n t e r p r e t a t i o n .  The mono
graphs C34-361 g i v e  r a the r  d e t a i l e d  d e s c r i p t i o n s  o f  such i n s t r u 
ments as t h e  hemisphe r i ca l  s e n s o r s  designed by V.E.  Suomi, which 
were c a r r i e d  aboard the  Exp lo re r  V I 1  s a t e l l i t e  (19591, and t h e  
wide-angle con ica l - ape r tu re  and f ive-channel  r ad iomete r s  of t h e  
T i r o s  s a t e l l i t e s .  Here we s h a l l  only d e s c r i b e  i n  b r i e f  some of 
t he  l a te r  models developed ( o r  i n  p r e p a r a t i o n )  p r i m a r i l y  f o r  t h e  
Nimbus and ESSA weather s a t e l l i t e s .  
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YABLE 2.1. RADIOMETERS AND SPECTROMETERS ON AMERICAN WEATHER /64-BALANCE AND SOLUTION OF THE INVERSE 


N 
dI 


1 

2 

3 

4 

5 

6a 

Instrument 

Wide-angle radior 
eters 

Wide-angle radion 
eter with conical 
aperture 

Five-channel scan 
ning ndiometer 
WR) 

High-resolution
scanning infrared 
radiometer (HRSIE 

Scanning five-
channel m edium
resolution radiom
eter (SFMRR) 

tnfrared inter
ference spectrom
eter (ILS) 

Satellite 

Explorer W, 
TirosIII, IVYM 
ESSA 3, 5, ... 
Tim 11, 111, IV 

T i m  11, 111, IV,
W 

Nimbus I, 11, I11 

NimbusII, III 

Nimbus III 

Channels 
(spectral-sensitivity ranges, 

pm 

1) "Black" (long- and 
short-wave radiation),

2) White" (long-wave
radiation) 

1) "Black" (Long- and 
short-wave radiation)

2) 	White" (long-wave
radiation) 

1) 6.0-6.5 (Tiros 11, 111,
IV). 14.8-15.5 (Tiros
ViI,

2) 8.0-12.0 
3) 0.2-6.0 
4) 8.0-30.0 (except Tiros 

nr)
5) 0.55-0.75 

1) 3.5-4.1 (Nimbus I, II);
3.5-4.1 (ni&g; 0.7
1 .3  (day) (Nimbus 111) 

1) 6.4-6.9 
2) 10.0-11.0 
3) 14.0-16.0 

imbus II)P4.5-15.5 
(Nimbus III)

4) 5.0-30.0 
(Nimbus 111)
20.0-23.0 
(Nimbus In)

5) 0.2-4.0 

5-20 - spectral scanning 
with 5-cm-1 resolutionifig.m a t  15-pm wave
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SATELLITES DESIGNED FOR INVESTIGATION OF THE EARTH'S RADIATION /65
PROBLEMS OF SATELLITE METEOROLOGY 

. .  

Radiation detecton 

Hemispherical or 
flat plates - semi
conductor bolom
eters 

Semiconductor 
bolometers 

Semiconductor 
bolometers 

Lead selenide 
photoresistor
radiant-cooled 
to ZW°K 

Semiconductor 
bolometers 

Semiconductor 
bolometers 

Instantaneous 
field 

Entire visible 
disk of planet 

50' 

50 

0.460 

2.90 

Linear resolution at  
subsatellite point,

km (orbit altitude in 
parentheses, (km) 

5096 of radiation from 
1400 (7W&Eylorer, 
Tlms), 2 ( 400)
(=SA) 

670 (700) 

60 (700) 

9 (1100) 

55 (1100) 

150 (1100) 

Problems to be solved 

Radiation budget (out
going long-wave radia
tion, albedo) 

Radiation budget 

Cloudage distribution 
and cloud-top height,
underlying-surface and 
stratosphere temperatures,
troposphere humidity,
radiation budget 

Cloudage distribution 
(infrared pictures) and 
cloud top altitude, under
lying-surface temperature
(at night) 

Same as in line 3 (SR) 

Vertical profiles of temper
ature and concentrations of 
water vapor, ozone, etc. 
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TABLE 2.1 (Cont'd.) 


No Insbvmentn/n-
6b 	 Infrared inter

ference spectrom
eter (IIS-h4) 

7a 	 Satellite infrared 
spectrometer (SIRS 

7b 	 Satellite infrared 
spectrometer,
modified (SIRS-M) 

8 	 High -resolution 
scanning radiom
eter (HRSR) 

9 	 Selective modula
tion radiometer 
[ s m  

10 	 Wedge filter 
ipectrometer (WFS) 

Satellite 
.. .-. 

Nimbus D 

Nimbus D 

finbus D 

riros M. ImDroveC 
rims OperaGonal
iatellites ITOS 
4 ,  B, ... 
Jimbus D 

Jimbus D 

_ -
Channelsi(spectral-sensitivity ranges, 

p m _  - _ _  
6.3-50.0, spec$l scan
ning with 3-cm' resolu
tion (0.07 p m  a t  15-pm
wavelengtfi) 

8 channels; 7 in the 15-pm
CO2 band and 1 in the 
transparency window around 
1.1pm. S ectral distribu
tzon 5 cm-% 

14 channels; 7 in the 15-pm
CO2 band, 6 in the H20 
rotational b a d ,  and 1 in 
the transparency window at  
11 p m  Spectral resolution 
5 cm-f 

1) 10.5-12.5 
2) 0.52-0.75 

6 channels in 15-pm CO2 
band with provision for 
switching one to the 11p m
window 

1) 1.2-2.4; and 3.2-6.4 
Spectral scanuing with 
resolution WAX = 100 (0. 05 
pm a t  5-pm wavelength) 
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Linear resolution at  
Radiation detectors mntaneous 

field 
subsatellite point,

km (orbit altitude in 
parentheses, km) 

Semiconductor SO 90 (1100) 
Bolometer 

Semiconductor 
bolometers 

120 230 (1100) 

Semiconductor 120 230 (1100) 
bolometers 

Semiconductor 0. 30O 
bolometer 0.16O 

Semiconductor 100 190 (1100) 
bolometer 

Lead selenide photo-
resistor radiant-

20 38 (1100) 

cooled to 16O0K 

Pwblems to be solved 

Same as in line 6a (11s) 

Vertical temperature
profile 

Vertical profiles of tem
perature and water vapor
concentration 

Distribution ofcloudage
(pictures) and cloud-top
height, underlying-surface 
temperature, albedo 

Vertical temperature pro
file 

Wetness and ice content in 
clouds (1.2-2.4 pm), vertical 
profiles of temperature (4.3-pm 
CO2 band) and HZO-vapor con
centration (6.3-pm water vapor
band) 
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TABLE 2 . 1  (Cont 'd . )  

No. 
d n  

11 

12 

13 

14 

Inshument 

Scanning infrared 
radiometer (SIR) 

Radiometer for 
determination of 
vertical tempera
ture profile (RVTP) 

Very high resolu
tion scanning
radiometer (VHRSR 

Very high resolu
tion scanning
diameter  for 
synchronous satel
lites (VHRSR-S) 

Satellite 

Nimbus D 

ITOS (t70%) 

ITOS ('70%) 

Sp.Chronous
satellite 

. .  

ChannC?lS 
(specbl-sensitivity ranges, 

pm ~~ 

1) 10.5-12.5 
2) 6.5-7.0 

8 channels: 6 in the 15-pm 
C e  band, 1 in the H20 
rotational band, and 1 in the 
11-pm window 

1) 10.5-12.5 
2) 0.6-0.7 

10.5-12.5 

Note. Launching d a t e s  ( a c t u a l  o r  proposed) o f  t h e  weather 
Nimbus I ,  28 August 1964; Nimbus 3, 1 4  A p r i l  1969;  T i r o s  11, 23 
1969; T i ros  111, 12 June 1961;  ESSA 3, 2 October 1966;  ITOS-A, 
A p r i l  1967; Nimbus D,  f i r s t  q u a r t e r  of  1970; T i r o s  V I I ,  1 9  June 
ESSA s a t e l l i t e s ) .  
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Linear resolution a t  

Fbdiation detectom nstaxtaneaus 
field 
-. 

subsatellite point, 
m (orbit altitude in 

parentheses, lan) 

Problems to be solved 

Lead selenide 
photoresistor
radiant-cooled 
to 160°K 

0. so0 
1.200 

8
23 (1100) 

Cloudage distribution and 
top altitude, underlying-
surface temperature,vertical 
movements and jet streams,
identification of air masses 

Semiconductor 20 Vertical temperature profile 
bolometers 

Photoresistor 
radiant cooled 
in two stages to 
8WK. Photodiode 

0.0340 0.8 (1400) Cloudage distribution (pictures)
and top altitudes, underlying-
surface temperature, albedo 

Photoresistor cry-
ogenically cooled 
to 80°K 

0.023O 15 (3500) Cloudage distrihtion (pictures)
and top altitude, underlying-
surface temperature 

s a t e l l i t e s  l i s t e d  i n  t h e  t a b l e :  Exp lo re r  VII, 17  October 1959; 
November 1960; Nimbus 11, 15 May 1966;  T i r o s  M,  f i r s t  q u a r t e r  of 
t h i r d  q u a r t e r  o f  1969 ;  T i r o s  IV, 8 February 1962; ESSA-5, 20 
1963 (wide-angle s e n s o r s  w i l l  be mounted on all odd-numbered 
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T a b l e  2 . 1 ,  which w a s  compiled by W.R. Bandeen C371, l i s t s  
c h a r a c t e r i s t i c s  of  s i x t e e n  v a r i e t i e s  of r ad iomete r s  and spectrom
e t e r s  designed f o r  a c q u i s i t i o n  of data f o r  s tudy  o f  t h e  r a d i a t i o n  
ba lance  o f  the  ground/atmosphere system and s o l u t i o n  of va r ious  
i n v e r s e  problems i n  s a t e l l i t e  meteorology. The f i r s t  i n f e r e n c e  
t o  be  drawn from t h i s  t ab le  i s  tha t  wide-angle r ad iomete r s  ( w i t h
' 'black" and "white"  hemisphe r i ca l  or f l a t  s e n s o r s  [95-983) and 
f ive-channel  r ad iomete r s  w i t h  comparat ively narrow f ie lds  [61] are 
recognized  as t h e  most promising in s t rumen t s  f o r  s tudy  o f  t h e  
ear th ' s  r a d i a t i o n  ba lance .  It i s  proposed t h a t  i n s t rumen t s  of t he  
former type  be  i n s t a l l e d  on a l l  odd-numbered ESSA sa t e l l i t e s  
( s i n c e  they  were used on ESSA 3 and ESSA 5 ) .  Reference was made 
i n  t h i s  case  to s e n s o r s  w i t h  f l a t  r e c e i v i n g  s u r f a c e s .  Modifica
t i o n s  o f  t h i s  i n s t rumen t  i n  which the  f i e l d  i s  l i m i t e d  by use  o f  
c o n i c a l  o p t i c s  may a l s o  b e  used C371. 

A s  f o r  t h e  Nimbus s a t e l l i t e s ,  which have a t h r e e - a x i s  ground
o r i e n t a t i o n  system, and s a t e l l i t e s  o f  t h e  Improved T i r o s  Opera
t i o n a l  System ( I T O S ) ,  t hey  have been provided  w i t h  a modif ied 
scanning f ive-channel  medium-resolution rad iometer  (SFMRR). 

I I 

J 
I 
II 

I 
I 

Figure  2.9. Scannicg Five-Channel Radiom
e t e r  w i t h  Medium S p a t i a l  Resolu t ion .  1) Scan
n ing  m i r r o r ;  2 )  immersion r e c e i v e r ;  3 )  modu
l a t o r ;  4 )  r e c e i v e r  wi thout  immersion o p t i c s ;
5 )  o p t i c s  f o r  sun c a l i b r a t i o n .  

While i t  i s  fundamental ly  an ana log  of  t h e  rad iometer  c a r r i e d  
on t h e  T i r o s  s a t e l l i t e s ,  t h e  modif ied f ive-channel  r ad iomete r  i s  
a t o t a l l y  redes igned  in s t rumen t  C381. The analogy i n  p r i n c i p l e
c o n s i s t s  i n  t h e  use  of approximately t h e  same s p e c t r a l  s e n s i t i v i t y  
r anges  ( channe l s )  of the  in s t rumen t :  6.4-6.9, 10-11, 14-16 ,  5-30, 
and 0 .2-0 .4  u m . '  It w i l l  b e  r e c a l l e d  t ha t  t h e  fo l lowing  channels  

6 4  
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were used i n  the  o r i g i n a l  model of t h e  f ive-channel  rad iometer :  
6.0-6.5 v m  ( r e p l a c e d  by 41.8-15.5 v m  i n  t h e  case  o f  T i r o s  V I I ) ,
8.0-12.0, 0.2-6.0, 8.0-30.0, and 0.55-0.75 vm. N a t u r a l l y ,  s e l e c 
t i o n  of  t h e  5-30 and 0.2-4.0-vm channels  f o r  t h e  SFMRR was d i c 
t a t ed  by the  need to f i n d  the  optimum s o l u t i o n  t o  t h e  problem of 
measuring i n t e g r a t e d  long-wave and short-wave ou tgo ing- rad ia t ion
f l u x e s .  The change i n  t h e  l i m i t s  of t h e  s p e c t r a l  range i n  t h e  
6.3-vm water-vapor band w a s  r e q u i r e d  t o  opt imize  cond i t ions  f o r  /&
de te rmina t ion  of t r o p o s p h e r i c  mois ture  con ten t .  The 14-16-vm 
i n t e r v a l  was s e l e c t e d  because of t h e  success  w i t h  which data 
measured i n  t h i s  channel  had been used ( T i r o s  V I I )  t o  determine 
s t r a t o s p h e r e  tempera ture  [363 .  The o b j e c t  of narrowing t h e  spec
t r a l  r e g i o n  i n  t h e  atmospheric  t ransparency  window t o  10-11 p m  
w a s  t o  reduce t h e  i n f l u e n c e  of t h e  lower atmosphere on t h e  r e 
s u l t s  of  under ly ing-sur face  or cloud-upper-margin tempera ture  c a l 
c u l a t i o n  from measured ou tgo ing- rad ia t ion  data i n  t h i s  s p e c t r a l
r e g i o n .  

One o f  t h e  most impor tan t  des ign  f e a t u r e s  of t h e  SFMRR i s  
t h e  use of scanning  m i r r o r  1 ( F i g .  2 . 9 ) ,  which r o t a t e s  i n  a 
p o s i t i o n  i n  which i t  i s  i n c l i n e d  45" t o  the  rad iometer  o p t i c a l
a x i s .  T h i s  makes i t  p o s s i b l e  t o  scan  t h e  e a r t h  i n  t h e  p l a n e
pe rpend icu la r  t o  t h e  s a t e l l i t e ' s  d i r e c t i o n  of motion from one 
l i m b  t o  t h e  o t h e r  (obv ious ly ,  t h i s  scanning  regime i s  s u i t a b l e  
only when t h r e e - a x i s  a t t i t u d e  c o n t r o l  i s  a v a i l a b l e ) .  S ince  t h e  
m i r r o r  t u r n s  through 3 6 0 ° ,  both  t h e  ear th  and space  a r e  scanned. 
During scanning  of space ,  va r ious  elements o f  t h e  s a t e l l i t e ' s  
c o n s t r u c t i o n  a l s o  come i n t o  t h e  i n s t r u m e n t ' s  f i e l d .  The r a d i a n t  
f l u x  t o  b e  measured i s  modulated by mechanical chopper 3 b e f o r e  /68
i t  s t r i k e s  r a d i a t i o n  r e c e i v e r s  2 and 4 .  When the  r a d i a n t  f l u x  i s  
i n t e r r u p t e d  i n  t h i s  manner, t h e  measured q u a n t i t y  i s  t h e  d i f f e r 
ence between t h e  e a r t h  and modulator r a d i a t i o n s .  S ince  modulator 
tempera ture  v a r i e s  w i t h  t i m e ,  p r o v i s i o n  i s  made f o r  compensating
t h e s e  v a r i a t i o n s  i n  such a way tha t  t h e  output  vo l t age  w i l l  a l w a y s  
be t h e  same a t  a g iven  tempera ture .  Af t e r  a m p l i f i c a t i o n  of t he  
s i g n a l  and synchronous d e t e c t i o n ,  t h e  v o l t a g e  a t  t h e  output  v a r i e s  
from 0 t o  6 . 4  V. The  ana log  s i g n a l s  a r e  converted t o  d i g i t a l  and 
r e g i s t e r e d  on e i g h t - t r a c k  r e c o r d e r  t a p e .  

The r ad iomete r  i s  c a l i b r a t e d  under l a b o r a t o r y  ( p r e f l i g h t )  /69
cond i t ions  a g a i n s t  a b l a c k  body ( i n f r a r e d  channels )  and a d i f f u s e -
r e f l e c t i n g  s c r e e n  i l l u m i n a t e d  by a s t a n d a r d  incandescent  lamp
(short-wavelength r a d i a t i o n )  w i t h  the  ins t rument  case  a t  v a r i o u s  
tempera tures  i n  a vacuum. The l a b o r a t o r y  technique  used f o r  c a l i 
b r a t i o n  of t h e  short-wave channels  i s  d i s c u s s e d  i n  d e t a i l  i n  L.F.  
Bartman's paper  [ 3 9 ] .  The n u l l  s i g n a l  from space  and a s i g n a l
gene ra t ed  when s a t e l l i t e  s t r u c t u r a l  e lements  come i n t o  the  f i e l d  
are  used f o r  on-board c a l i b r a t i o n  of t h e  rad iometer  (more p re 
c i s e l y ,  c o n t r o l  of i t s  s e n s i t i v i t y ) .  The channels  cen te red  on 6 . 6  /70
and 1 5  p m  are provided  w i t h  an e l e c t r o n i c  i n t e r l o c k  t h a t  s h u t s  o f f  
t h e  s e n s o r s  when t h e  sou rce  tempera ture  exceeds 270°K ( t h i s  cor
responds to t h e  va lues  observed i n  r e a l i t y ) .  Thus, a f i x e d  
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v o l t a g e  i s  a p p l i e d  for s e n s i t i v i t y  c o n t r o l  i n  these channels .  The 
short-wave channel  i s  c a l i b r a t e d  on board w i t h  r e s p e c t  t o  t h e  sun  
(F ig .  2 .9 ) .  

The development of  a modif ied f ive-channel  r ad iomete r  f o r  
thermal  s e n s i n g  o f  t he  atmosphere i s  h i g h l y  i n t e r e s t i n g  [61].
The modif ied f ive -channe l  rad iometer  t h a t  was o r i g i n a l l y  t o  be 
t e s t e d  on manned s p a c e c r a f t  a t  t he  end of 1969 has t h e  fo l lowing
channels :  1) 825-975 cm-’; 2 )  740-780 cm”; 3 )  730-770 cm”; 4 )
717.5-757.5 cm-’; 5 )  500-570 cm-’. The f i r s t  of these s p e c t r a l
interva1s;which l i e s  i n  a t ransparency  window of t h e  atmosphere,
w i l l  b e  used t o  de te rmine  t h e  tempera ture  of t h e  unde r ly ing  s u r 
f a c e  or t h e  upper c loudage boundary and t o  c h a r a c t e r i z e  the  amount 
o f  cloudage i n  t h e  r ad iomete r  f i e l d  i n  t h e  p re sence  of broken 
c loud  cover .  The second,  t h i r d ,  and f o u r t h  i n t e r v a l s ,  which l i e  
on t h e  short-wave s i d e  of t h e  15-pm carbon d iox ide  band, were 
s e l e c t e d  f o r  de t e rmina t ion  of t h e  t r o p o p s h e r i c  v e r t i c a l  tempera
t u r e  p r o f i l e .  The  f i f t h  channel ,  which l i e s  i n  the  r o t a t i o n a l  
water-vapor band, i s  provided  f o r  de t e rmina t ion  o f  t o t a l  t ropo
s p h e r i c  mois ture  c o n t e n t .  The f ive-channel  rad iometer  w i l l  func
t i o n  i n  t h e  nadi r -angle  scanning mode i n  t h e  p l a n e  pe rpend icu la r  
t o  t he  s p a c e c r a f t ’ s  d i r e c t i o n  of motion, f i g u r i n g  on the  poss i 
b i l i t y  o f  a c q u i r i n g  1 0  e lements  a long each s c a n  w i t h  an area of 
about 32.5 km2 a t  ground l e v e l .  Ten s u c c e s s i v e  scans  w i l l  cover  
an area of about 32.5 k m 2 ,  and 1 0 0  r e a d i n g s  w i l l  b e  ob ta ined  i n  
each of the  channels  for t h i s  purpose.  

F igu re  2 . 1 0 .  Scanning I n f r a r e d  Radiometer w i t h  
High S p a t i a l  Resolu t ion .  1) Scanning m i r r o r ;  
2 )  secondary m i r r o r ;  3 )  primary m i r r o r ;  4 )
t r a n s f e r  m i r r o r ;  5 )  r a d i a t i o n  d e t e c t o r ;  6 )
c ryogenic  device ;  7 )  o p t i c a l  f i l t e r ;  8 )  mo.du
l a t o r ;  9 )  b l ack  body. 
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The h i g h - r e s o l u t i o n  scanning  i n f r a r e d  rad iometer  ( H R S I R )
(Table  2 . 1 )  performs t h e  impor tan t  f u n c t i o n s  of a c q u i r i n g  i n f r a 
r e d  images of t h e  cloud cover  and a b s o l u t e  measurements of t h e  
outgoing r a d i a t i o n  i n  t h e  3.5-4.l-vm r e g i o n  of t h e  spectrum. A 
diagram o f  t h i s  i n s t rumen t  appears  i n  F ig .  2 . 1 0 .  A s  we s e e ,  t h e  
ro t a ry -mi r ro r  scanning  f e a t u r e  i s  t h e  same as i n  t h e  f ive-channel  
rad iometer .  The lead s e l e n i d e  p h o t o r e s i s t o r ,  which can be  cooled 
( r a d i a t i o n  cryogen) t o  -75"C, makes i t  p o s s i b l e  t o  measure r a d i a 
t i o n  tempera ture  i n  the  range  from 210 t o  330°K w i t h  a "noise"  
tempera ture  o f  1" for a r a d i a t i o n  tempera ture  o f  250°K. The  rad
i a n t  f l u x  i s  modulated a t  t h e  focus of  a four- inch C a s s e g r a i n t e l e 
scope (see Fig .  2 . 1 0 ) .  The scanning  r a t e  i s  44.7 r p m ,  which makes 
i t  p o s s i b l e  t o  o b t a i n  cont iguous scanning  s t r i p s  a t  t he  s u b s a t e l 
l i t e  p o i n t  ( w i t h  i n c r e a s i n g  over lapping  i n  t h e  d i r e c t i o n  of  thf!  /-
h o r i z o n ) .  C a l i b r a t i o n  i s  c a r r i e d  out  i n  t h e  same way a s  i n  t h e  
f ive-channel  rad iometer .  Thus, f o r  example, t he  Nimbus 1 radiom
e t e r  was graduated  a g a i n s t  a b l a c k  body whose tempera ture  was 
v a r i e d  from 190 t o  340°K a t  va r ious  p h o t o r e s i s t o r  tempera tures .  
The r e s u l t s  o f  a r e c a l i b r a t i o n  o f  t h e  rad iometer  e i g h t  months 
l a t e r ,  when t h e  in s t rumen t  was on t h e  s a t e l l i t e  and ready t o  
launch,  gave good agreement.  The r ad iomete r  c a s i n g  w a s  thermo
s t a t e d  aboard t h e  s a t e l l i t e  a t  l l ° C ,  and t h e  d e v i a t i o n s  from t h i s  
tempera ture  i n  f l i g h t  d i d  not  exceed k2.5". The s e n s i t i v i t y  o f  
t h e  rad iometer  underwent no d i s c e r n i b l e  change du r ing  t h e  e n t i r e  
t ime f o r  which i t  func t ioned  under space c o n d i t i o n s .  The tempera
t u r e  r e s o l u t i o n  a c t u a l l y  ob ta ined  w a s  2 ° K .  

The images were c o n s t r u c t e d  ( rendered  v i s i b l e )  and s u b j e c t e d  
t o  au tomat ic  geographic  connec t ion  by  ground appa ra tus .  The  
pho to facs imi l e  r e c o r d e r  used here has a dev ice  f o r  au tomat ic  
c a l i b r a t i o n  based on t e n  b r i g h t n e s s  g rada t ions .  

A s  w e  s e e  from t h e  e i g h t h  l i n e  of  Table  2 . 1 ,  a two-channel 
HRSR,  which makes i t  p o s s i b l e  t o  acqu i r e  bo th  in f r a red - -and  v i s i b l e  
l i g h t  images of  t h e  cloud cover  and under ly ing  s u r f a c e  by means of  
a scanning measuring a p p a r a t u s ,  i s  under development f o r  t h e  T i r o s  
M and ITOS s a t e l l i t e s .  The f i e l d  of  t h i s  ins t rument  i s  s o  narrow 
t h a t  t h e  s p a t i a l  r e s o l u t i o n  of t h e  images should approach t h e  
r e s o l u t i o n  l i m i t  of t e l e v i s i o n  photographs.  A t  t h e  same t ime ,  
t h i s  means a s u b s t a n t i a l  i n c r e a s e  i n  t h e  p r o b a b i l i t y  t h a t  t h e  
rad iometer  f i e l d  w i l l  be  completely f i l l e d  by clouds or underly
i n g  s u r f a c e  i n  t h e  p re sence  o f  p a r t i a l  c loud cover ;  t h i s  i s  h i g h l y
impor tan t  from t h e  s t a n d p o i n t  of r e l i a b i l i t y  of tempera ture  de
t e r m i n a t i o n  f o r  t h e  unde r ly ing  s u r f a c e  o r  upper cloudage l i m i t .  
S e l e c t i o n  of  t h e  10.5-12.5-pm long-wave channel  ( i n s t e a d  of  3.5
4 . 1  pm)  i s  a l s o  very impor t an t ,  s i n c e  i t  makes i t  p o s s i b l e  t o  
o b t a i n  i n f r a r e d  images no t  only du r ing  t h e  n i g h t ,  b u t  a l s o  d u r i n g
t h e  day ( t h e  s imul taneous  presence  of  the  short-wave 0.52-0.75-pm
channel  w i l l  make i t  p o s s i b l e  t o  e s t a b l i s h  q u i t e  c o n f i d e n t l y
whether c louds were p r e s e n t  or absen t  i n  t h e  f i e l d  of  view).  It 
i s  proposed t h a t  t h e  HRSR r ead ings  i n  t h e  10.5-12.5-pm channel  no t  
only be  r e g i s t e r e d  by t h e  on-board s t o r a g e  u n i t ,  b u t  a l s o  be 
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t r a n s m i t t e d  i n  t h e  d i r e c t  (real-t ime) mode. 

A d i s t i n c t i v e  f e a t u r e  of  t h e  scann ing  i n f r a r e d  r ad lomete r  
( l i n e  11 o f  T a b l e  2 . 1 )  i s  t h e  use o f  t h e  6.5-7.0-pm channel  i n  
t h e  6.3-pm water-vapor band wi th  extremely h igh  s p a t i a l  r e s o l u t i o n .  

The ve ry  h igh  r e s o l u t i o n  scanning  r ad iomete r  ( l i n e  1 3  o f  
Table  2.1)  i s  similar i n  p r i n c i p l e  t o  the  HRSIR ( l i n e  4 )  and t h e  
HRSR ( l i n e  8 ) ,  b u t  i s  des igned  t o  o b t a i n  e x c e p t i o n a l l y  h i g h  spa
t i a l  r e s o l u t i o n .  The l i m i t e d  c a p a c i t y  o f  the  on-board s t o r a g e  
system p r e s e n t s  a s e r i o u s  d i f f i c u l t y  i n  t h i s  connec t ion .  For 
t h i s  reason ,  d i r e c t  data t r a n s m i s s i o n  i s  p lanned .  

A m o d i f i c a t i o n  t h a t  belongs t o  t h e  same group i s  t h e  very 
high r e s o l u t i o n  scanning  rad iometer  f o r  synchronous s a t e l l i t e s  
(VHRSR-S) ( T a b l e  2 . 1 ,  l i n e  1 4 ) .  It i s  des igned  f o r  i n s t a l l a t i o n  
on t h e  ATS-FG synchronous s a t e l l i t e s ,  which have a t h r e e - a x i s  
o r i e n t a t i o n  s y s t e m ,  and i s  a scanning  in s t rumen t  w i t h  t h e  fol low
i n g  b a s i c  components [80]: a scanning  m i r r o r ,  a 20-em Cassegra in
t e l e s c o p e ,  a r a d i a n t - f l u x  modulating system, a s o l i d - s t a t e  bolom
e t e r ,  and a bolometer  coo l ing  system. I t s  e f f e c t i v e  s o l i d  ang le
of 4 r a d i a n  g i v e s  a ground-level  s p a t i a l  r e s o l u t i o n  of 1 5  
k m  ( t h  d e t e c t i o n  c o e f f i c i e n t  of  t h e  bolometer  i s  D* = 1.5  l o 1 '  
cm=HzlP2W-'). The t ime to a c q u i r e  one image, which c o n s i s t s  o f  
1000  l i n e s ,  i s  20 minutes .  

U s e  o f  s p e c t r a l  appa ra tus  i s  most promising f o r  s o l u t i o n  o f  /73
the va r ious  i n v e r s e  problems of s a t e l l i t e  meteorology [ Q O ] .  S ince  -
one o f  t h e  most p r e s s i n g  i n v e r s e  problems i s  d e t e r m i n a t i o n  of t h e  
v e r t i c a l  t empera ture  p r o f i l e  from s p e c t r a l  measurements of t h e  out 
going thermal r a d i a t i o n  i n  t h e  15-pm carbon d iox ide  band [ 4 1 ] ,  a 
whole ser ies  of spec t romete r  models has  been developed i n  r e c e n t  
y e a r s  f o r  s o l u t i o n  o f  t h i s  (and r e l a t ed )  problems ( T a b l e  2 . 1 ) .  

L e t  us f i r s t  b r i e f l y  d e s c r i b e  t h e  s a t e l l i t e  i n f r a r e d  spec
t rome te r  (SIRS), which was developed by t h e  U.S. Weather Bureau 
Meteoro logica l  S a t e l l i t e  Laboratory C37, 4 2 ,  43, 4 4 ,  48, 88, 901 .  

It was o r i g i n a l l y  proposed [ 4 2 ]  t h a t  t h e  outgoing  i n f r a r e d  
r a d i a t i o n  be  measured i n  f o u r  narrow segments of t h e  spectrum
( 5  cm" wide)  i n  t h e  15-pm carbon d iox ide  band f o r  approximate
de te rmina t ion  of t h e  v e r t i c a l  t empera ture  p r o f i l e .  La ter ,  p l ans  
were changed t o  i n c l u d e  similar measurements of  t h e  outgoing rad
i a t i o n  around the  a b s o r p t i o n  maximum of  t h e  15-vm band, s o  t h a t  
data could be  o b t a i n e d  on tempera tures  a t  h igh  a l t i t u d e s  i n  t h e  
atmosphere and used as a basis f o r  s tudy ing ,  f o r  example, sudden 
warmings o f  t h e  s t r a t o s p h e r e .  I n  a d d i t i o n ,  i t  was planned from t h e  
very beginning t o  i n c l u d e  measurements i n  a narrow s p e c t r a l  i n t e r 
v a l  ( 7  cm" wide )  around t h e  1 1 . 1 - v m  wavelength,  where t h e  atmos
phere i s  most t r a n s p a r e n t  i n  t h e  i n f r a r e d  ( these  data  would permi t
a c q u i s i t i o n  of  t h e  p l a n e t a r y  tempera ture  d i s t r i b u t i o n  o f  t h e  under
l y i n g  s u r f a c e ) .  
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The spec t romete r  has a f i e l d  of  0.04 s t e r a d i a n ,  which, f o r  
a s a t e l l i t e  a t  an  a l t i t u d e  of about 1000 k m ,  corresponds t o  l o c a l 
i z a t i o n  o f  ground areas of about 200 x 200 km a t  t h e  n a d i r .  It 
should  be noted  t h a t ,  c h i e f l y  because of  inadequate  s e n s i t i v i t y  o f  
the  r a d i a t i o n  r e c e i v e r s ,  t h e  spectrum-scanning t i m e  i s  about 1 0  
seconds,  which means a "b lur"  zone of about 100  km. W .  Nordberg
C571 p r e d i c t s  t h a t  w i t h  t h e  development of deep-cooled r e c e i v e r s ,  
i t  w i l l  b e  p o s s i b l e  t o  i n c r e a s e  t h e  scanning ra te  t o  1 0  scans /
second, and improve s p a t i a l  r e s o l u t i o n  t o  1 km. U s e  of h i g h l y
s e n s i t i v e  r e c e i v e r s  w i l l  a l s o  permi t  s u b s t a n t i a l  improvement o f  
s p e c t r a l  r e s o l u t i o n .  

The  s a t e l l i t e  i n f r a r e d  spec t romete r  i s  o f  t h e  Fas t i -Ebe r t  
t ype  and uses  a 12 .5  x 12.5-cm d i f f r a c t i o n  g r a t i n g  w i t h  500 l i n e s /  
cm. The focus ing  m i r r o r ,  which i s  40 cm i n  diameter ( f o c a l  l e n g t h
62.5 cm), p o i n t s  t he  outgoing ear th  r a d i a t i o n  a t  a two-sectored 
modulator d i s k  p l aced  a t  a 45O ang le  t o  t h e  spec t rometer  o p t i c a l
a x i s .  A s  t h e  d i s k  r o t a t e s ,  r a d i a t i o n s f r o m  the e a r t h  and from 
space  ( n u l l  s i g n a l )  f a l l  a l t e r n a t e l y  onto  t h e  spec t romete r  en- /74 
t r a n c e  s l i t ,  s i n c e  t he  in s t rumen t  has a second e n t r a n c e  a p e r t u r e
p o i n t e d  i n  t he  d i r e c t i o n  away from t h e  ear th .  The d i r e c t l y  meas
ured d i f f e r e n c e  between t h e  ear th  and space  s i g n a l s  i s  p r a c t i c a l l y
e q u i v a l e n t  t o  t h e  r a d i a t i o n  outgoing from the ear th .  

To check s e n s k t i v i t y  du r ing  measurements, t h e  focus ing  mi r ro r  
i s  r o t a t e d  i n  such a way t h a t  it d i r e c t s  t h e  r a d i a t i o n  of a b l a c k  
body a t  known t empera tu re  onto  t h e  e n t r a n c e  s l i t  ( i n  t h i s  c a s e ,  
the  d i f f e r e n c e  between t h e  black-body and space  r a d i a t i o n s  i s  
measured). The  tempera ture  of t he  b l ack  body i s  no t  r e g u l a t e d ,
and i t  can va ry  from 0 t o  6 O O C .  

Behind the  e n t r a n c e  s l i t ,  the  r a d i a t i o n  s t r i k e s  a c o l l i m a t o r  
m i r r o r  and i s  t h e n  b a c k - r e f l e c t e d  by t h e  d i f f r a c t i o n  g r a t i n g  on to  
t h e  same m i r r o r ,  which focuses  t h e  spectrum onto  f i v e  e n t r a n c e  
s l i t s  corresponding t o  t h e  f i v e  s p e c t r a l  r e g i o n s  under s tudy  ( f o u r
i n  t h e  carbon d iox ide  band and t h e  f i f t h  i n  t h e  t r anspa rency  win
dow). The r a d i a n t  f l u x e s  a r e  measured s imul taneous ly  i n  t h e  f i v e  
s p e c t r a l  r e g i o n s  by means of immersion-type s o l i d - s t a t e  bo lometers  
p l aced  d i r e c t l y  behind t h e  e x i t  s l i t s .  The spec t romete r  i s  de
s i  ned t o  measure r a d i a n t  f l u x e s  i n  t h e  range from 25 t o  180 e r g s /
cm'*sec*sr*cm-', which corresponds t o  e f f e c t i v e  tempera tures  from 
-70 t o  +70°C.-,Radiant-flux v a r i a t i o n s  no smaller than  0.25 e rg /
cm2*sec?sr -cm should  t h e n  b e  r e g i s t e r e d ;  t h i s  corresponds t o  a 
tempera ture  change of 0.25OC a t  t h e  e f f e c t i v e  tempera ture  of -7OOC. 
The t i m e  c o n s t a n t  i s  about 6 seconds.  P r o v i s i o n  i s  made f o r  con
t r o l l i n g  the  s p e c t r a l  c a l i b r a t i o n  of t h e  spec t romete r  by i n s e r t i o n  
o f  an i n t e r f e r e n c e  f i l t e r  i n t o  t he  beam from the  b l a c k  body t o  t h e  
e x i t  s l i t  ( a  change i n  t h e  expec ted  s i g n a l  l e v e l  on i n s e r t i o n  of 
the  f i l t e r  i n d i c a t e s  t h a t  the  wavelength c a l i b r a t i o n  has s h i f t e d ) .  

Laboratory t es t s  of t h e  spec t romete r  showed tha t  it r e g i s t e r s  
0 . 2 O C  changes i n  the  tempera tures  o f  o b j e c t s  a t  room tempera ture .  
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The SIRS has s i n c e  been s l i g h t l y  modified [43, 4 4 1  and f u r t h e r  
t es ted .  

The modif ied spec t romete r ,  which was t e s t ed  by sending  the 
in s t rumen t  up on an a e r o s t a t  dur ing  t h e  daytime of  11 August 1964 
a t  P a l e s t i n e ,  Texas [44 ] ,  permits measurement of t he  outgoing
r a d i a t i o n  i n  s i x  5-cm-l-wide s p e c t r a l  i n t e r v a l s ,  which are cen
te red  a t  the wave numbers 669, 677.5, 691, 697, 703, and 709 cm-' 
( r e g i o n  of t h e  15-pm carbon d iox ide  band) and i n  an i n t e r v a l  7 cm-' 
wide a t  a wave number of  899 cm-'. 

We n o t e  t h a t  t h e  fo l lowing  channels  were u l t i m a t e l y  s e l e c t e d  
f o r  the  on-board v e r s i o n  of  the  SIRS [ 4 ] :  669.0,  677.5, 692.0, 
699.0, 706.0, 714.0, 750.0, and 8.9.0 cm" ( s o  t ha t  t he  SIRS ac
q u i r e d  e i g h t  channe l s ) .  

The o p t i c a l  a x i s  of the  spec t romete r ,  which has a 12" f i e l d ,  /75
p o i n t s  a t  t h e  n a d i r .  The d i r e c t l y  measured q u a n t i t y  i s  the  d i f 
f e r e n c e  between the  r a d i a n t  i n t e n s i t i e s  of t he  "earth-atmosphere" 
system and the  a b s o l u t e  b l a c k  body (a  comparison source  s i m u l a t i n g
space )  a t  77°K. 

The a e r o s t a t  reached  a maximum a l t i t u d e  of about  31 km and 
t h e n  d r i f t e d  above t h e  30-km l e v e l  f o r  7 .5  hours .  The sky w a s  
c l o u d l e s s  a t  t h e  beginning  of t h e  f l i g h t ;  t h e n  t h e  a e r o s t a t  passed 
ove r  r e g i o n s  w i t h  cumulus clouds and, on p a r t  of i t s  p a t h ,  over  a 
s q u a l l  zone w i t h  c loud  cover  up to an a l t i t u d e  of  10 .5  k m .  The 
e r r o r  of  ou t  o i n g - r a d i a t i o n  measurement was about 0 .5  erg/cm2 x 
X sec*sP*cm-' (which corresponds t o  a r e l a t i v e  e r r o r  of  about  1%). 
The two examples o f  measured-data r e d u c t i o n  g i v e n  i n  [ 4 4 ]  ( f o r  t he  
cases  of c l o u d l e s s  sky  and cloudage w i t h  an upper-boundary tempera
t u r e  of 233°K) i n d i c a t e  t h a t  t h e  i n d i r e c t l y  acqu i r ed  v e r t i c a l  t e m 
perature p r o f i l e s  agree q u i t e  s a t i s f a c t o r i l y  w i t h  t he  r e s u l t s  of 
d i r e c t  measurements (see Chapter 5 ) .  These and o t h e r  t e s t s  subse
quen t ly  l e d  t o  t h e  d e c i s i o n  t o  i n s t a l l  t h e  SIRS on Nimbus 111. 

Improved models of  t h e  mul t i channe l  i n f r a r e d  spec t rometer  and 
o t h e r  appa ra tus  are be ing  prepared  f o r  t h e  Nimbus D (Nimbus IV)
weather s a t e l l i t e .  A s  W .  Nordberg [ g l ]  and W.P. P o r t e r  1931 n o t e  
i n  t he i r  surveys ,  t h i s  s a t e l l i t e ,  which i s  t o  be  launched i n  t h e  
f i r s t  q u a r t e r  of 1970, has four  f e a t u r e s  t h a t  d i s t i n g u i s h  i t  from 
the  Nimbus 111: 1) t h e  r a d i o i s o t o p e  t h e r m o e l e c t r i c  gene ra to r  i s  
e l imina ted ;  2 )  i t  uses  a new "modularized" moni tor ing  system; 3 )
p r o v i s i o n  i s  made f o r  f o u r  new weather exper iments ;  4 )  c e r t a i n  
improvements have been made i n  va r ious  s a t e l l i t e  subsystems. 

The improved in s t rumen t s  i n c l u d e  a d i s s e c t o r  t e l e v i s i o n  
camera, which d e l i v e r s  an 800-line image. T h i s  camera can pro
duce images i n  t h e  form of a cont inuous s t r i p  2594 km wide w i t h  a 
n a d i r  r e s o l u t i o n  ( a t  ground l e v e l )  o f  1 . 5  km. Another ins t rument  
i s  a two-channel i n f r a r e d  scanning rad iometer  w i t h  h igh  spa t i a l
r e s o l u t i o n  (10.6 km on t h e  ground at  t h e  n a d i r ) ;  i t  i s  s e n s i t i v e  



i n  t he  wavelength i n t e r v a l s  from 1 0 . 5  t o  1 2 . 5  and 6 . 5  to 7 pm. 
T h i s  ins t rument  was des igned  t o  determine under ly ing-sur face  
tempera ture ,  t he  tempera ture  (and a l t i t u d e )  of t h e  upper cloudage
boundary, and atmospheric  mois ture  c o n t e n t .  The two-channel 
rad iometer  i s  expec ted  t o  d i s t i n g u i s h  very f i n e  c i r r u s  c louds and 
moist  a i r  masses. 

An i n t e r f e r e n c e  spec t romete r  ( o f  the  Michelson in te r fe rom
e t e r  t y p e )  w i l l  make i t  p o s s i b l e  t o  r e g i s t e r  t h e  outgoing-radia
t i o n  spectrum i n  t h e  8-40-pm band w i t h  a 93-km n a d i r  s p a t i a l  1 7 6
r e s o l u t i o n .  T h i s  i n fo rma t ion  i s  t o  be used t o  determine v e r t i 
c a l  t empera ture  p r o f i l e s ,  mois ture ,  and ozone. S ince  t h e  t ime to 
r e g i s t e r  the  spectrum i s  13 .1  s e c ,  "b lu r "  i s  t o  be e l i m i n a t e d  (as 
on t h e  Nimbus 111) by slow r o t a t i o n  of' t h e  mi r ro r  t ha t  d i r e c t s  the  
r a d i a t i o n  i n t o  the  in s t rumen t  through 4O i n  the  backward d i r e c t i o n .  

Another i n s t rumen t  designed f o r  thermal  sens ing  of t h e  atmos
phere i s  a mul t ichannel  d i f f r a c t i o n  spec t rometer  (Ebe r t -Fas t i
t y p e ) ,  which pe rmi t s  s imultaneous r e g i s t r a t i o n  of t h e  outgoing
r a d i a t i o n  i n  a s e r i e s  of s p e c t r a l  i n t e r v a l s  i n  t he  l l -35-pm wave
l e n g t h  band ( s i x  i n t e r v a l s  i n  t h e  l5-pm carbon d iox ide  band and 
s e v e r a l  i n  the  water-vapor bands and t r anspa rency  windows). The 
r o t a r y  mi r ro r  a t  t h e  e n t r a n c e  t o  t h e  ins t rument  p rov ides  f o r  i n 
f l u x  of r a d i a t i o n  from t h e  n a d i r  and s i x  o t h e r  d i r e c t i o n s  on 
e i t h e r  wide of t h e  s a t e l l i t e ' s  d i r e c t i o n  of  motion. 

I n  t h e  measurement procedure envisaged ,  t h e  spec t romete r
s i g h t s  t h e  ear th  f o r  one minute  i n  t h e  n a d i r  ang le  range  from 25 
to 39" t o  the  l e f t  of t h e  s a t e l l i t e ' s  d i r e c t i o n  o f  motion, i s  t h e n  
po in ted  a t  t h e  n a d i r ,  and, du r ing  t h e  t h i r d  minute,  ranges  from 
25 to 39O t o  t h e  r i g h t  of t h e  d i r e c t i o n  of  motion. T h i s  s t epwise
scanning c y c l e  i s  r e p e a t e d  cont inuous ly .  The v a r i a t i o n  of t h e  
l a t e r a l  s i g h t i n g  a n g l e  i s  programmed i n  such a way a s  t o  vary t h e  
n a d i r  ang le  from 3 9 O  a t  t h e  equa to r  t o  25O a t  high l a t i t u d e s ,  t h u s  
keeping s p a t i a l  r e s o l u t i o n  c o n s t a n t  and, consequent ly ,  making it 
e a s i e r  t o  use t h e  s t a n d a r d  coord ina te  g r i d  i n  reducing  t h e  data.  

The s p e c t r o m e t e r ' s  f i e l d  i s  a squa re  cone w i t h  a v e r t e x  ang le
of 1 2 . 5 O .  The i n s t rumen t  g i v e s  data  on t h e  v e r t i c a l  t empera ture
p r o f i l e  to an  a l t i t u d e  of 30 k m  and t h e  mois ture  con ten t s  t o  11 
k m  . 

A t h i r d  in s t rumen t ,  a r ad iomete r  w i t h  s e l e c t i v e  modulat ion,  
i s  designed t o  a c q u i r e  in fo rma t ion  on t h e  v e r t i c a l  t empera ture
p r o f i l e  no t  only i n  t h e  t roposphe re ,  b u t  a l s o  i n  t he  s t r a t o s p h e r e .
Data measured i n  s i x  s p e c t r a l  zones o f  t he  15-pm carbon d iox ide  
band w i l l  b e  used f o r  t h i s  purpose.  S p a t i a l  r e s o l u t i o n  on t h e  
ground a t  the  n a d i r  i s  185 k m .  

P lans  c a l l  f o r  t he  use of  a spec t romete r  w i t h  a wedge f i , l t e r  
t o  measure the s p e c t r a l  d i s t r i b u t i o n  of t h e  r e f l e c t e d  s o l a r  radia
t i o n  i n  the  wavelength band from 1 . 2  to 2 . 4  pm and t h e  i n f r a r e d  
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outgoing r a d i a t i o n  i n  t he  3.2-6.4-vm i n t e r v a l  ( t h e  scanning  t i m e  
f o r  each of t h e  i n t e r v a l s  i s  1 6  seconds) .  The i n s t r u m e n t ' s  f i e l d  
i s  2.5 x 2 . 5 O .  S p e c t r a l  r e s o l u t i o n  v a r i e s  from 600 t o  200 cm-'. /77-On-board black-body c a l i b r a t i o n  i s  provided  for a l l  o f  the  spec
t rome te r s  l i s t e d  above. 

The v e r t i c a l  ozone p r o f i l e  w i l l  be determined from measured 
data on the outgoing u l t r a v i o l e t  r a d i a t i o n  i n  twelve  s p e c t r a l  i n 
t e r v a l s  of t h e  2500-3400-% band ob ta ined  wi th  a double  d i f f r a c t i o n  
g r a t i n g  monochromator ( s p e c t r a l  r e s o l u t i o n  1 0  8, f i e l d  0.044 s r ) .
An a u x i l i a r y  component o f  t h i s  ins t rument  i s  a photometer w i th  an 
i n t e r f e r e n c e  f i l t e r  (passband 50  8 ) ,  which i s  t o  measure the radia
t i o n  around 3800 l,where there  i s  no ozone abso rp t ion .  The i n 
s t rument  i s  c a l i b r a t e d  on-board us ing  a Cerenkov r a d i a t o r  and a 
mercury-argon lamp as r a d i a t i o n  sources .  The in s t rumen t  w i l l  
measure t he  d i r e c t  s o l a r  r a d i a t i o n  r e f l e c t e d  by a d i f f u s i n g  s c r e e n  
once du r ing  each o r b i t .  The s u n l i g h t  r e f l e c t e d  by t h e  moon i s  t o  
be measured on the  n i g h t  segments of t he  o r b i t .  F ive  s imple
photometers w i t h  photodiodes ( these  in s t rumen t s  have a 90' f i e l d  
o r i e n t e d  h o r i z o n t a l l y  backward, and can t h e r e f o r e  r e g i s t e r  s o l a r  
r a d i a t i o n  as t h e  s a t e l l i t e  passes  from the  daytime t o  t he  n igh t 
t i m e  s i d e  of t h e  earth i n  t he  r e g i o n  of t he  North P o l e )  w i l l  b e  
used f o r  s p e c i a l  extended-term measurements of t h e  u l t r a v i o l e t  
s o l a r  r a d i a t i o n  a t  wavelengths o f  1 2 1 6 ,  1600, 1 8 0 0 ,  2 1 0 0 ,  and 
2600 8 .  The Nimbus D w i l l  a l s o  c a r r y  such appa ra tus  f o r  c o l l e c 
t i o n  and t r a n s m i s s i o n  of data from sounding b a l l o o n s  and buoys a t  
sea. 

I n  connec t ion  w i t h  o u r  remarks on p r o s p e c t s  f o r  t h e  develop
ment of s c i e n t i f i c  appa ra tus  f o r  s p e c i f i c  weather s a t e l l i t e s ,  w e  
should  no te  t h a t  R.M. Rados [ 9 2 ]  g i v e s  a complete summary char
a c t e r i z i n g  t h e  s c i e n t i f i c  equipment and programs not  only of a l l  
p rev ious ly  launched American weather  s a t e l l i t e s  , b u t  a l s o  of  t h o s e  
planned f o r  the immediate f u t u r e  (as o f  January 1969) .  

Like t h e  SIRS d e s c r i b e d  above, t he  c l a s s i c a l  d i f f r a c t i o n -
g r a t i n g  spec t rometer  i s  a r a t h e r  heavy and cumbersome ins t rumen t .  
I n t e r f e r e n c e  spec t romete r s  are more s u i t a b l e  from t h i s  s t a n d p o i n t .
Such spec t romete r s  a l s o  have extremely impor tan t  advantages i n  
"photographic"  r e g i s t r a t i o n  of t h e  spectrum and t h e i r  high l i g h t  
g ra sp .  For these r e a s o n s ,  a g r e a t  deal of a t t e n t i o n  has been de
vo ted  t o  t h e  development of i n t e r f e r e n c e  spec t romete r s  f o r  weather 
s a t e l l i t e s  i n  r e c e n t  y e a r s  [45-49, 851. An i n f r a r e d  i n t e r f e r e n c e  
spec t rometer  (11s) ( s e e  l i n e s  6a and 6b i n  T a b l e  2 . 1 )  was de
veloped i n  [45-471 w i t h  the  o b j e c t  of s o l v i n g  t h e  problem of a t 
mospheric thermal  s e n s i n g  from sa t e l l i t e s ;  i t  i s  capable  of meas
u r i n g  t h e  s p e c t r a l  d i s t r i b u t i o n  of  t h e  outgoing thermal  r a d i a t i o n  
i n  t h e  500-2000 cm-I r e g i o n  of t h e  spectrum w i t h  a r e s o l u t i o n  of 
5 cm" and an e r r o r  no t  exceeding kO.5 e r g / c m 2 * s e c * s r .  A s  w e  have 
a l r eady  noted ,  i n s t rumen t s  o f  t h i s  t ype  a r e  t o  be mounted on N i m 
bus weather s a t e l l i t e s .  A s  concerns c a l i b r a t i o n  of t h e  11s aboard 
the s a t e l l i t e s ,  t he  procedure i s  t h e  same as f o r  t h e  SIRS ( a g a i n s t  
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Figure  2 . 1 1 .  I n f r a r e d  I n t e r f e r e n c e  Spectrom
e t e r .  1) Radiant  f l u x  d i v i d e r  and compensating
p l a t e ;  2 )  moving m i r r o r ;  3) r e c e i v e r ;  4 )  l e n s ;
5)  i n t e r f e r e n c e  f i l t e r ;  6 )  monochromatic radia
t i o n  source ;  7 )  i n f r a r e d  c o l l i m a t o r ;  8 )  i n f r a 
r e d  r e c e i v e r ;  9 )  m i r r o r ;  10) s t a t i o n a r y  m i r r o r .  

space  and a b l a c k  body) .  

The i n f r a r e d  i n t e r f e r e n c e  spec t rometer  i s  a Michelson i n t e r 
f e romete r  ( F i g .  2 . 1 1 ) .  An impor tan t  element of  t h i s  ins t rument  
i s  t h e  d i v i d e r  1, which s p l i t s  t h e  r a d i a n t  f l u x  e n t e r i n g  t h e  i n 
s t rument  i n t o  two approximately equa l  components. A f t e r  r e f l e c 
t i o n  from v i b r a t i n g  and s t a t i o n a r y  m i r r o r s  2 and 3 ,  r e s p e c t i v e l y ,
t he  two beams i n t e r f e r e  w i t h  a p a t h  d i f f e r e n c e  determined by the 
d i f f e r e n c e  between t h e  d i s t a n c e s  t r a v e l e d  by t h e  two beams. The 
r e s u l t a n t  r a d i a n t  f l u x  i s  focused on r a d i a t i o n  d 'e tec tor  5 and 
r e g i s t e r e d  i n  t h e  form of a p l o t  of t h e  s i g n a l  -i a g a i n s t  the  p a t h
d i f f e r e n c e  6 .  

I n  t he  case  o f  monochromatic r a d i a t i o n ,  t h e  recorded  s i g n a l
i s  obviously s i n u s o i d a l ,  w h i l e  i n  t h e  presence  of a cont inuous 
spectrum, many ampli tudes corresponding to t he  v a r i o u s  f r e q u e n c i e s
w i l l  be  superimposed i n  t h e  form of an in t e r f e rog ram.  The ampli
tudes  are p r o p o r t i o n a l  t o  t he  r a d i a n t  i n t e n s i t i e s  J ( v ) ,  and the  179  
f r e q u e n c i e s  to t h e  wave numbers v .  Leaving o u t  t h e  c o n s t a n t  t e r m ,  
the r e s u l t  o f  the  measurements can b e  r e p r e s e n t e d  i n  t h e  form 

where v l  and v p  are t h e  l i m i t s  of t h e  s p e c t r a l  r e g i o n  s t u d i e d .  
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Reduction o f  t h e  data c o n s i s t s  i n  performance, of  t h e  i n v e r s e  
t r a n s f o r m a t i o n  

The t r u e  r a d i a n t  i n t e n s i t y  J, can be  o b t a i n e d  only w i t h  ce r 
t a i n  r e s t r i c t i o n s  app ly ing  t o  the  accuracy o f  t h e  a b s o l u t e  v a l u e  
and s p e c t r a l  r e s o l u t i o n .  These l i m i t a t i o n s  s t e m  from t h e  l i m i t e d  
s i z e  o f  t h e  i n t e r v a l  i ( 6 ) ,  the  i n s t r u m e n t ' s  f i e l d  o f  view, and re
c e i v e r  n o i s e .  The s p e c t r a l  r e s o l u t i o n  v/Av i s  i d e n t i c a l  to t h e  
number of p e r i o d s  observed on the  i n t e r f e r o g r a m  f o r  t he  p a r t i c u l a r
frequency.  Thus, f o r  example, to o b t a i n  a r e s o l u t i o n  of 5 cm" a t  
v = 665 cm-', i t  i s  necessary  t o  have no fewer t h a n  133 p e r i o d s ,
which r e q u i r e s  an o p t i c a l  p a t h  d i f f e r e n c e  o f  2 mm. T h e  i n t e r f e r 
ometer desc r ibed  above has a 4-mm i n t e r v a l  from -gmax t o  +6max, 
and t h i s  r e q u i r e s  s h i f t i n g  the  m i r r o r  by 2 mm. The l i m i t a t i o n  on 
the  i n s t r u m e n t ' s  s o l i d  a n g l e  s2 i s  governed by t h e  requi rement  tha t  
the phases  of  the  o f f - a x i s  and a x i a l  r a y s  d i f f e r  only i n s i g n i f i 
c a n t l y  ( acco rd ing ly ,  w e  have the  c r i t e r i o n  t2<% ). I n  t h i s  ca se ,  
the f i e ld -cone  v e r t e x  ang le  i s  8O. According to t h e  Shannon 
theorem, the  i n t e r f e r o g r a m  must be reg is te red  a t  l ea s t  tw ice  dur 
i n g  t h e  p e r i o d  corresponding t o  t h e  h ighes t - f requency  component.
R e g i s t r a t i o n  i s  tw ice  as o f t e n  i n  the  11s. The r e q u i r e d  regis t ra
t i o n  frequency i s  determined w i t h  the  a id  of an a u x i l i a r y  i n t e r 
fe rometer  w i t h  a neon source  9 (wavelength 5852.5 8) and r a d i a t i o n  
d e t e c t o r  6.  

The b a s i c  d isadvantages  of i n t e r f e r e n c e  spec t romete r s  stem 
from the  fo l lowing  c i rcumstances :  1) t h e  need f o r  t he  i n v e r s e  Four
i e r  t r a n s f o r m a t i o n  of t h e  i n t e r f e r o g r a m  (use  of e l e c t r o n i c  com
p u t e r s  makes these c a l c u l a t i o n s  cons iderably  easier  and f a s t e r ) ;  
2 )  the  r a d i a t i o n  source  used must b e  s t ab le  du r ing  t h e  t ime re
q u i r e d  t o  r eg i s t e r  the  i n t e r f e r o g r a m  (under  s a t e l l i t e  c o n d i t i o n s ,  
t h i s  r e q u i r e s  compensation o f  "b lu r " )  ; 3)  t h e  s t f f f n e s s  of  r e q u i r e 
ments made of the  i n s t r u m e n t ' s  mechanical  and o p t i c a l  s t a b i l i t y ;
4) t h e  need f o r  a wide dynamic range f o r  t h e  da t a - t r ansmiss ion  
channel  (2000:l) and the  need f o r  l i n e a r i t y .  

T e s t  r e s u l t s  ob ta ined  du r ing  a n  a e r o s t a t  l aunching  of the  1 8 0  
I I S  on 8 May 1966  du r ing  c l o u d l e s s  weather ( t h e  b a l l o o n  d r i f t e d  
a t  t h e  33.5-km l e v e l )  were encouraging ( s e e  Chapter 5 f o r  de ta i l s ) .  

P r e p a r a t i o n  of t h e  modified I T S - M  ( l i n e  6b i n  T a b l e  2 . 1 )  f o r  
t h e  Nimbus D i n c l u d e s b r o a d e n i n g  of t h e  s p e c t r a l  range a t  t h e  long-
wave end (water-vapor r o t a t i o n a l  band) and i n c r e a s e s  i n  s p e c t r a l  
and spat ia l  r e s o l u t i o n .  
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Figure  2 . 1 2 .  Radiometer w i t h  S e l e c t i v e  
Modulation. 1) Black body; 2 )  moving
m i r r o r ;  3 )  s t a t i o n a r y  m i r r o r ;  4 )  modula
t o r s ;  5 )  c u v e t t e s  ( i n  f r o n t  end) ;  6 )
i n t e r c h a n g e a b l e  f i l t e r s .  

A team of s p e c i a l i s t s  headed by  J.T. Houghton of the  Oxford 
Un ive r s i ty  Clarendon Laboratory has done i n t e r e s t i n g  developmental
work on spec t romete r s  f o r  thermal  s ens ing  problems [50-55]. For  
example, t h i s  group has designed a so -ca l l ed  s e l e c t i v e  modulation 
rad iometer  (SMR) ( T a b l e  2 . 1 ,  l i n e  9 )  f o r  t h e  Nimbus D s a t e l l i t e  
L551. 

F igure  2 . 1 2  shows a diagram of  t h e  se lec t ive-modula t ion  
rad iometer .  The device  has a two-element r e c e i v i n g  s y s t e m  con
s i s t i n g  o f  two c u v e t t e s  5 ,  which t h e  r a d i a t i o n  e n t e r s  a f t e r  re
f l e c t i o n  from moving m i r r o r s  2 ,  which are  se t  a t  a 45" ang le  t o  
t h e  o p t i c a l  a x i s .  The  r a d i a n t - f l u x  modulators 4 ,  which execute  
f lywheel - l ike  o s c i l l a t o r y  motions,  are s e t  up i n  f r o n t  of  the 
c u v e t t e s .  A s y s t e m  of  germanium l e n s e s  d i r e c t s  t h e  r a d i a n t  f l u x e s  
i n t o  the  c u v e t t e s  and thence  through i n t e r f e r e n c e  f i l t e r s  6 and 
a l i g h t  conductor  t o  t h e  r a d i a t i o n  d e t e c t o r s  (semiconductor bolom
e t e r s ) ,  which are s i t u a t e d  a t  t h e  extreme r i g h t  end o f  t h e  radiom
e t e r .  Mir rors  3 s e r v e  t o  p o i n t  t h e  in s t rumen t  at space .  The d i f 
f e r e n t i a l  o p e r a t i n g  p r i n c i p l e  of  t h e  SMR c o n s i s t s  i n  measurement 
of t h e  d i f f e r e n c e  between t h e  e a r t h  and space  r a d i a t i o n s .  The 
r a d i a t i o n  o f  b l a c k  body 1, which i s  d i r e c t e d  i n t o  t h e  ins t rument  
by moving mirrors 2 through the "ea r th"  channel ,  i s  used for on-
board monitor ing of rad iometer  s e n s i t i v i t y .  
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The r a d i a t i o n  i s  monochromatized i n  t h e  SMR by combined use  
of  very  narrow-band i n t e r f e r e n c e  f i l t e r s  and s e l e c t i v e  modulat ion.  
The l a t t e r  i s  accomplished by means of t he  c u v e t t e s ,  which are 
f i l l e d  w i t h  carbon d i o x i d e .  One of t h e  c u v e t t e s  c o n t a i n s  a very
s m a l l  amount of CO, at low p r e s s u r e ,  wh i l e  the  o t h e r  i s  f i l l e d  
w i t h  carbon d iox ide .  The r a d i a t i o n  e n t e r i n g  t h e  in s t rumen t  i s  
" s p l i t "  i n  each of t he  channels  i n t o  two beams, which pass  through 
t h e  corresponding c u v e t t e s .  I n  t h i s  ca se ,  the  s i g n a l  a t  t h e  
rad iometer  ou tpu t  i s  determined by t h e  r a d i a t i o n  i n  ve ry  narrow 
s p e c t r a l  i n t e r v a l s  c e n t e r e d  on s t r o n g  a b s o r p t i o n  l i n e s  ( t h e  ten
t e r s  themselves are excluded by a b s o r p t i o n  i n  t he  n e a r l y  empty
c u v e t t e ) .  The two-element r e c e i v i n g  system makes i t  p o s s i b l e  t o  
i s o l a t e  two narrow s p e c t r a l  segments i n  t h e  r e g i o n  of  s t r o n g  ab
s o r p t i o n  i n  which t h e  s t r a t o s p h e r e  makes t h e  b a s i c  c o n t r i b u t i o n  
t o  the  outgoing r a d i a t i o n .  

The f o u r  r ad iomete r  channels  whose f u n c t i o n  i s  t o  determine 
t h e  v e r t i c a l  t empera tu re  p r o f i l e  i n  t h e  t roposphe re  f u n c t i o n  w i t h  
a s i n g l e  abso rb ing  c u v e t t e ,  which e l i m i n a t e s  t h e  r a d i a t i o n  around 
the  l i n e  c e n t e r s .  The r a d i a t i o n  i n  t h e  wings o f  t h e  l i n e s  i s  meas
ured  i n  t h i s  case .  One of t h e  s i x  channels  d e s c r i b e d  can be 
switched f o r  measurement of r a d i a t i o n  i n  t h e  i n t e r v a l  around 11 pm.
Aeros t a t  t e s t s  of t h e  SMR made i n  1 9 6 6  confirmed t h e  f e a s i b i l i t y
of u s i n g  t h i s  i n s t r u m e n t .  

The wedge f i l t e r  spec t romete r  (WFS) d e s c r i b e d  i n  [37] was 
a l s o  des igned  f o r  t h e  Nimbus D s a t e l l i t e  ( T a b l e  2 . 1 ,  l i n e  10). 
The p r i n c i p a l  element of  t h e  WFS i s  a combination i n t e r f e r e n c e  
f i l t e r  c o n s i s t i n g  o f  h a l v e s  of  two v a r i a b l e - t h i c k n e s s  f i l t e r s  -
one f o r  t h e  1.2-2.4-pm s p e c t r a l  range and one f o r  3.2-6.4 pm. The 
theory  and expe r imen ta l  t echn ique  o f  making i n t e r f e r e n c e  f i l t e r s  
w i t h  v a r i a b l e - t h i c k n e s s  c o a t i n g s  f o r  monochromatization and cover
age o f  a broad s p e c t r a l  range (by  r o t a t i n g  t h e  f i l t e r  w i t h  sue
c e s s i v e  passband measurements) a r e  desc r ibed  i n  [59, 601. The /82
r a d i a t i o n  d e t e c t o r  i s  a lead s e l e n i d e  p h o t o r e s i s t o r  cooled to 
1 6 0 ~ ~ .The WFS can produce a cont inuous spectrum w i t h  a r e so lu 
t i o n  X/Ah = 1 0 0  i n  both  s p e c t r a l  r anges .  The b a s i c  g o a l s  i n  use 
of t h i s  i n s t rumen t ,  which has  been t e s t e d  s u c c e s s f u l l y  i n  an a i r 
c r a f t  v e r s i o n ,  are as fo l lows :  a )  d i f f e r e n t i a t i o n  between i c e  and 
water clouds (from t h e  r a d i a t i o n  minimum of i c e  c louds  around X = 
= 2 pm; b )  de t e rmina t ion  of t h e  v e r t i c a l  t empera ture  p r o f i l e  from 
measured ou tgo ing- rad ia t ion  data f o r  t h e  4.3-pm carbon d iox ide  
band; e )  de t e rmina t ion  of t h e  v e r t i c a l  water-vapor d i s t r i b u t i o n  
from data measured f o r  t h e  6.3-um band. 

The rad iometer  f o r  de t e rmina t ion  of v.ert ical--tempe.rature pro
f i l e  ( T a b l e  2 . 1 ,  l i n e  1 2 )  i s  a modif ied SIRS. Although t h e  spec
t r a l  channels  of  t h i s  i n s t rumen t  have no t  y e t  been f i n a l l y  s e l e c t 
ed ,  t h e  fo l lowing  have been proposed [ 4 ] :  s i x  channels  i n  t h e  15
pm carbon d iox ide  band (669-750 em-'), one channel  (around 532 
em-') i n  t h e  r e g i o n  of t he  water vapor  r o t a t i o n a l  band, and one 
i n  the  atmosphere 's  t r anspa rency  window, around v = 899 em-'. 
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S p e c t r a l  r e s o l u t i o n  w i l l  be  about  5 em-'. The  ins t rument  w i l l  be  
very l i g h t  ( 4  kg) and r e q u i r e  ve ry  l i t t l e  e l e c t r i c  power as com
pared  w i t h  s i m i l a r  e a r l i e r  models ( f o r  example, t h e  SIRS weighs
37 kg and  draws 20 W). 

I n  h i s  monograph, W .  C o r l i s s  C62] d e s c r i b e s  va r ious  types  of 
s p e c t r a l  equipment used on American s a t e l l i t e s  f o r  measurement of  
s o l a r  r a d i a t i o n  ( c h i e f l y  i n  t h e  u l t r a v i o l e t ) ,  as w e l l  a s  r e s e a r c h  
on the  s p e c t r a l  composi t ion of t h e  outgoing i n f r a r e d  r a d i a t i o n .  
For example, t h e  in s t rumen t s  used f o r  ou tgo ing- rad ia t ion  measure
ments i n c l u d e  the  i n t e r f e r e n c e  spec t rometer  launched i n  1 9 6 2  on a 
USAF s a t e l l i t e ,  which w a s  p a t t e r n e d  a f t e r  t h e  Michelson in te r fe rom
e t e r .  T h i s  i n s t r u m e n t ,  which ope ra t ed  i n  t h e  1.8-15-ym wave
l e n g t h  r ange ,  a t t a i n e d  a s p e c t r a l  r e s o l u t i o n  of 40 em- . A dif- ,  
f r a c t i o n - g r a t i n g  spec t romete r  capable  of scanning  t h e  1600-3100 A 
wavelength range  i n  20 seconds w i t h  a r e s o l u t i o n  of about 5 a was 
developed for outgoing  u l t r a v i o l e t  r a d i a t i o n  measurements. 

Table  2 . 1  does no t  l i s t  in s t rumen t s  t h a t  are  i n  v a r i o u s  
s t a g e s  of development for measurement of t h e  s o l a r  c o n s t a n t .  O m i t 
t i n g  d e s c r i p t i o n  o f  R .  Hanel ' s  h igh ly  i n t e r e s t i n g  r ad iomete r ,  
which i s  desc r ibed  i n  t h e  monograph 1351, l e t  us examine t h e  
twelve-channel s o l a r  r ad iomete r  developed a t  t h e  Appley Labora
t o r y  C56, 871. 

T h i s  twelve-channel r ad iomete r ,  which uses  o p t i c a l  f i l t e r s  
and t h e r m o e l e c t r i c  r a d i a t i o n  d e t e c t o r s ,  can b e  used f o r  a i r c r a f t  /83
and s a t e l l i t e  measurements of  t h e  s o l a r  c o n s t a n t .  I n  i t s  o r i g i n a l
v e r s i o n ,  the  r ad iomete r  was des igned  f o r  t e s t s  on j e t  a i r c r a f t  and 
t h e  X - 1 5  r o c k e t  a i r p l a n e  ( i n  t h i s  ca se ,  t h e  ins t rument  weighe.3 5 
k g ) .  The comp.aratively t o l e r a n t  requi rements  f o r  t h e  accuracy o f  
aiming a t  t h e  sun ( + 2 O ) ,  which r e s u l t  from t h e  i n s t r u m e n t ' s  wide 
f i e l d  (15O), made it p o s s i b l e  t o  d i spense  w i t h  au tomat ic  t r a c k i n g
dev ices .  O f  t h e  r a d i o m e t e r ' s  twelve  channels ,  two were used t o  
measure t h e  i n t e g r a t e d  s o l a r  r a d i a n t  f l u x .  E i g h t  s p e c i a l l y  de
s igned  i n t e r f e r e n c e  f i l t e r s  (which a r e  capable  of s u s t a i n i n g  g
f o r c e s  and o p e r a t i n g  under hard-vacuum c o n d i t i o n s )  i s o l a t e  t h e  
fo l lowing  s p e c t r a l  i n t e r v a l s :  220-320, 274-330, 295-365, 375-404, 
408-472, 445-503, 510-595, 1250-1975 nm. Two broad-band Scho t t 
g l a s s  f i l t e r s  f o r  535-2800 and 697-2800 nm were a l s o  used. The 
rad iometer  has an average tempera ture  c o e f f i c i e n t  of s e n s i t i v i t y
of 0 . 0 5 %  p e r  1 O C .  S ince  t h e  i n s t r u m e n t ' s  t empera ture  may 'vary
from -50  to + 3 0 ° ,  i t  i s  impor t an t  t o  take t h e  tempera ture  v a r i a 
t i o n  i n t o  account .  It i s  a l s o  necessary  t o  a l low for t h e  p r e s s u r e
dependence o f  t h e  in s t rumen t  s r e a d i n g s .  

The i n s t r u m e n t ' s  f u n c t i o n i n g  was i n v e s t i g a t e d  by t e s t s  i n  a 
temperature- and p r e s s u r e - c o n t r o l l e d  chamber. Various s t a n d a r d  
sources  were used for l a b o r a t o r y  c a l i b r a t i o n .  The r ad iomete r  was 
a l s o  c a l i b r a t e d  a g a i n s t  t h e  sun  and compared w i t h  t h e  s t a n d a r d  
pyrhe l iometer  a t  Davos Observatory ( t h e  i n t e r n a t i o n a l  py rhe l iome te r
s c a l e  w a s  reproduced t o  w i t h i n  0 . 1 - 0 . 2 % ) .  The e r r o r s  of 
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measurement of t h e  i n t e g r a t e d  s o l a r  r a d i a t i o n  do no t  exceed 0.5
l%, i n c r e a s i n g  t o  1-28 i n  t he  case  of t h e  broad-band f i l t e r s  and 
perhaps t o  5% i n  measurements u s ing  t h e  i n t e r f e r e n c e  f i l t e r s .  T h e  
f i r s t  t e s t s  on t h e  X-15 ,  which climbed to 76.5 km, were made i n  
Nevada on 1 4  September 1 9 6 6 .  The r e s u l t s  of t h e s e  measurements 
could no t  be  processed  because of  t h e  s t r o n g  e x t e r n a l  n o i s e .  
T e s t s  on a B-57B a i r c r a f t  were more s u c c e s s f u l .  

S a t e l l i t e s  o f  t he  O r b i t i n g  S o l a r  Observatory series c a r r i e d  
equipment f o r  measurement of t h e  s o l a r  r a d i a t i o n  r e f l e c t e d  by
t h e  ear th  i n  s p e c i f i c  s p e c t r a l  zones i n  t h e  u l t r a v i o l e t ,  v i s i b l e ,  
and n e a r - i n f r a r e d  r e g i o n s .  A s ix-channel  spec t ro rad iomete r  - a 
p h o t o e l e c t r i c  photometer w i t h  a s e t  of o p t i c a l  f i l t e r s  -was used 
f o r  t h i s  purpose.  Each channel  of  t h i s  r ad iomete r  has two i n p u t s  
- one f o r  measurements o f  t he  r e f l e c t e d  r a d i a t i o n  w i t h i n  a 5' 
f i e l d ,  and ano the r  f o r  p e r i o d i c  on-board c a l i b r a t i o n  a g a i n s t  t h e  
sun. Reference [86] d e s c r i b e s  t h e  procedure  f o r  c a l i b r a t i n g  the  
rad iometer ,  which i n c l u d e s  f i v e  s t e p s :  1) measurement of t h e  spec
t r a l  t ransparency  of  n e u t r a l  f i l t e r s  used i n  t h e  sun c a l i b r a t i o n  
channel ;  2 )  a t e s t  o f  channel  l i n e a r i t y ;  3)  d e t e r m i n a t i o n  of t h e  /811
f i e l d  f o r  each channel ;  4 )  de t e rmina t ion  o f  t h e  r e l a t i v e  s p e c t r a l
s e n s i t i v i t y  o f  each channel ;  5) a b s o l u t e  c a l i b r a t i o n  of t he  chan
n e l s .  The p r i n c i p a l  sou rce  of e r r o r  i n  the  a b s o l u t e  c a l i b r a t i o n  
was t h e  i n s t a b i l i t y  of  t h e  s t a n d a r d  r a d i a t i o n  source  ( a  xenon 
lamp), which v a r i e d  from 58% a t  2500 8 t o  52% a t  X = 7500 8 .  For 
t h i s  r eason ,  t he  c a l i b r a t i o n  e r r o r s  f o r  t h e  v a r i o u s  channels  
v a r i e d  from +11 t o  +6%.  

An e x t e n s i v e  complement of o p t i c a l  i n s t rumen t s  of v a r i o u s  
types ,  designed f o r  measurement of t h e  outgoing r a d i a t i o n  i n  t h e  
0.25-30-vm r e g i o n ,  w a s  c a r r i e d  on a USAF s a t e l l i t e  launched on 
30 March 1966 i n t o  a n  o r b i t  w i t h  an apogee a t  1054 k m  and p e r i 
gee a t  980 km [58]. The r a d i o m e t r i c  and o p t i c a l  appa ra tus  of 
t h i s  s a t e l l i t e  i n c l u d e s  t h e  fo l lowing  types  of i n s t r u m e n t s :  1) an 
i n t e r f e r e n c e  spec t romete r  f o r  t h e  1-12-pm wavelength i n t e r v a l  w i t h  
a lead s u l f i d e  bolometer  used as t h e  r a d i a t i o n  d e t e c t o r ;  2) a 
rad iometer  w i t h  t h e  same d e t e c t o r  f o r  t h e  2.2- and 2.7-vm wave
l e n g t h s ;  3 )  a rad iometer  w i t h  a s imilar  bolometer  f o r  measurement 
of t h e  f l u c t u a t i n g  r a d i a t i o n  a t  f r equenc ie s  from 50 t o  5000 Hz 
( a l l  o f  t h e  above in s t rumen t s  were po in ted  a t  t he  n a d i r ) ;  4 )  a 
rad iometer  w i t h  a lead s u l f i d e  bolometer  f o r  t h e  wavelength range
from 0.28 t o  15  v m ;  5 )  a n  i n t e r f e r e n c e  spec t romete r  f o r  t he  8-15
um i n t e r v a l .  The l a s t  two ins t rumen t s  were o r i e n t e d  toward t h e  
ho r i zon .  Good measured data were ob ta ined  f o r  t h e  atmospheric  
t ransparency  windows a t  1 . 5 ,  2.2, and 8-12 v m ,  t h e  2.7-vm water 
vapor a b s o r p t i o n  band, and t h e  0.25-0.3O-pm ozone a b s o r p t i o n  range .  

T a b l e  2.2 p r e s e n t s  a summary borrowed from T . P .  Condron C631, 
which l i s t s  rocke t  and s a t e l l i t e  experiments  t o  i n v e s t i g a t e  t h e  
ea r th ' s  outgoing i n f r a r e d  r a d i a t i o n  f i e l d  t h a t  have been c a r r i e d  
out  o r  planned i n  connect ion w i t h  t h e  development of i n f r a r e d  
target  d e t e c t i o n  methods. 
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TABLE 2.2.  APPLIED EXPERIMENTAL STUDIES OF THE OUTGOING INFRARED /85
R A D I A T I O N  FIELD (1966-1968) 

Booster  Launch date Number of Ins t rumentsF l i g h t s  
Rockets 

Centaur 7 A p r i l  1966  2 
29 O c t  1966 

S a t u r n  1 B  5 J u l y  1966 1 

Atlas SSP-A-201 10  Feb 1966 1 

AVCO-RVIP-2 1968 3 

S a t e l l i t e s  
Agena 1967  Aug 

OV-1 S e r i e s  	 30 March 1966 
27  J u l y  1967 

1 

2 

Spec t  r o r a d i  omet e r  
(2.4-3.0 pm) 

Double spectroradiom
e te r  (1 .1-4 .4  v m )  
F ive  ten-channel  
rad iometers  (0.5-4.3
v m ) .  High r e s o l u t i o n  
spectr o r  adiomet e r  
(2.6-2.8 v m )  
Two ten-channel  
r ad iomete r s  (0.2-4.5
vm). Double spec t ro 
rad iometer  (0 .2-2 .8  
wn) .  

I n t e r f e r o m e t e r  w i th  
thermoe l e  c t r i  c a l l y
cooled PbS d e t e c t o r  
(2.4-30 pm) . Radiom
e t e r  f o r  2.7-vm wave
l e n g t h  
OV-1-5: scanning  in
t e r f e r o m e t e r ,  double 
i n t e r f e r o m e t e r ,  two-
channel  r ad iomete r  
( 2 . 2  and 2 . 7  v m )  
ov-1-86: cooled 
PbSe i n t e r f e r o m e t e r  
(2 .1-4 .25  u m ) ,  double 
r ad iomete r  ( 2 . 2  and 
2.7 v m )  

Obviously,  t h e  r e s u l t s  of t h e s e  experiments  are o f  g r e a t  i n 
t e r e s t  from t h e  me teo ro log ica l  s t a n d p o i n t .  However, t h e  r e s u l t s .  
o f  t h e  measurements s t i l l  remain unpubl ished.  

We no te  i n  conclus ion  t h a t  t h e  s t a g g e r i n g  v a r i e t y  o f  r a d i a 
t i o n  in s t rumen t s  used t o  measure t h e  outgoing  r a d i a t i o n  makes com
p a r i s o n s  o f  i n s t rumen t s  o f  d i f f e r e n t  t ypes  a matter of e x c e p t i o n a l  
urgency. There is no q u e s t i o n  b u t  t h a t  some degree o f  u n i f i c a t i o n  
of t h e  dev ices  would be  expedient  on t h e  b a s i s  o f  s e l e c t i o n  o f  t h e  
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most s u i t a b l e  in s t rumen t s .  

It must a l s o  be s t r e s s e d  t h a t ,  d e s p i t e  t h e  v a r i e t y  o f  radia
t i o n  appa ra tus ,  the requi rements  made as t o  t.he s p e c t r a l  and spa
t i a l  r e s o l u t i o n  and s e n s i t i v i t y  a t t a i n a b l e  w i t h  them remain un
s a t i s f a c t o r y  i n  many cases  ( e s p e c i a l l y  from the  s t a n d p o i n t  of  t he  
thermal-sensing problem).  

Implementation of  t h e  Nimbus I11 exper imenta l  program rep re 
s e n t s  a major advance i n  t h i s  r e s p e c t .  A s  was r e p o r t e d  i n  one of  
the first p u b l i c a t i o n s  on t h e  1a.unching o f  t h i s  s a t e l l i t e  [84], 
the  p r i n c i p a l  achievement of t h e  Nimbus I11 weather  s a t e l l i t e ,  
which was b u i l t  by General E l e c t r i c  under c o n t r a c t  t o  NASA and 
launched on 1 4  A p r i l  1969, has been s u c c e s s f u l  thermal  s e n s i n g
of the atmosphere.  D.uring the  f i r s t  week o f  o p e r a t i o n  o f  t h e  
s a t e l l i t e ' s  i n f r a r e d  spec t romete r ,  about 30,000 sens ings  were ac
q u i r e d .  Comparison o f  the  s a t e l l i t e  s e n s i n g  da ta  w i t h  t h e  r e s u l t s  
o f  rad iosonde  measurements i n d i c a t e d  c l o s e  agreement ( f o r  d e t a i l s ,  
see Chapter 5 ) .  

A d i f f r a c t i o n - g r a t i n g  spec t rometer  weighing abou t  36.5 kg 
measures t he  outgoing  thermal r a d i a t i o n  i n  seven wavelength i n 
tervals  i n  t h e  15-vm carbon d iox ide  band. The v e r t i c a l  tempera
t u r e  p r o f i l e  i s  computed from t h e s e  data.  The under ly ing-sur face  
tempera ture  i s  determined ( i n  t h e  absence of c louds )  from data 
measured i n  an e i g h t h  s p e c t r a l  i n t e r v a l  around 11 pm. I n  t h e  
presence  o f  c loud cover ,  the  measurement data i n  t h i s  i n t e r v a l  
can be used t o  f i n d  t h e  tempera ture  (and a l t i t u d e )  o f  t h e  upper
cloudage boundary. The Nimbus I11 a l s o  c a r r i e d  a 14-kg i n t e r 
f e rence  spec t romete r  (wi th  a Michelson i n t e r f e r o m e t e r )  having  a 
f i e l d  (on the  ground) o f  about 160  km f o r  s o l u t i o n  o f  t h e  analo
gous problem o f  thermal  s e n s i n g  o f  t h e  atmosphere a t  a l t i t u d e s  up 
t o  25 km. T h i s  i n s t r u m e n t ,  which pe rmi t s  measurement of t h e  
energy d i s t r i b u t i o n  i n  t h e  ou tgo ing- rad ia t ion  spectrum from 6 t o  
20 u m ,  can a l s o  be used t o  determine t h e  v e r t i c a l  ozone (up t o  
25 km o f  a l t i t u d e )  and water-vapor ( u p  t o  9 k m )  p r o f i l e s .  Regis
t r a t i o n  o f  t h e  cont inuous spectrum of t h e  outgoing  r a d i a t i o n  
y i e l d s  in fo rma t ion  on t h e  atmosphere 's  c o n t e n t s  o f  carbon d iox ide ,  
n i t r i c  ox ide ,  and methane. The i n t e r f e r e n c e  spec t romete r  de
l i v e r e d  about 25,000 sens ings  du r ing  i t s  f i r s t  week o f  o p e r a t i o n .  

The s c i e n t i f i c - i n s t r u m e n t  package of t h e  Nimbus I11 a l s o  
i n c l u d e s  a number o f  o t h e r  i n s t rumen t s .  A d i s s e c t o r - t y p e  scanning
t e l e v i s i o n  system weighing about 5 .5  kg d e l i v e r s  images of t h e  
cloud cover w i t h  r e s o l u t i o n  (on t h e  ground) o f  about  1 . 6  k m .  T h i s  
system o p e r a t e s  bo th  i n  a s t o r a g e  mode and w i t h  r e a l - t i m e  image
t r ansmiss ion .  A scanning  i n f r a r e d  rad iometer  w i t h  h igh  s p a t i a l
r e s o l u t i o n  (about  8 km), which i s  s e n s i t i v e  i n  t h e  wavelength i n 
t e r v a l  from 3.4 t o  4 . 2  pm and f i t t e d  w i t h  a l e a d  s e l e n i d e  photo-
r e s i s t o r  cooled t o  - 8 3 0 ~as a r a d i a t i o n  d e t e c t o r ,  i s  used t o  ac
q u i r e  images of  t he  c loud  cover on t h e  n i g h t  s i d e  o f  t h e  ear th .  
During t h e  day, t h i s  rad iometer  i s  used t o  produce images of t h e  
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earth i n  t he  s p e c t r a l  r e g i o n  around 1 pm. The scanning radiom- /87
e t e r  o p e r a t e s  i n  s t o r a g e  and d i r e c t  image- t ransmi t t ing  modes. 

Analysis  o f  daytime nea r - in f r a red  p i c t u r e s  o f  t h e  e a r t h  
showed tha t  they can be used t o  d i s t i n g u i s h  unde r ly ing  s u r f a c e  
areas w i t h  and wi thout  v e g e t a t i o n ,  a s  w e l l  as mois t  and a r i d  
zones. A s i m i l a r  i n s t rumen t  having h i g h e r  r e s o l u t i o n  i s  t o  be 
mounted on an exper imenta l  s a t e l l i t e  b.eing b u i l t  by NASA f o r  s tudy
o f  t h e  ear th ' s  n a t u r a l  r e s o u r c e s .  The Nimbus I11 c a r r i e s  a f i v e -
channel scanning  r ad iomete r  o f  medium s p a t i a l  r e s o l u t i o n  (weighing
about  8.5 kg)  f o r  measurements o f  t h e  r ad ia t ion -ba lance  components
of the  ear th-atmosphere system ( p l a n s  a l s o  c a l l  for us ing  these 
data t o  s tudy  l a r g e - s c a l e  a i r  c u r r e n t s ,  e . g . ,  t h e  j e t  streams).
An u l t r a v i o l e t  photometer weighing about 3.5 kg w i l l  permi t  r e g i s 
t r a t i o n  o f  s o l a r  r a d i a n t  f l u x e s  i n  f i v e  broad s p e c t r a l  i n t e r v a l s ;  
t h i s  i s  o f  importance from t h e  s t a n d p o i n t  o f  s tudy  of t h e  proc
esses i n  the  ionosphere  and ozone l a y e r  and h e a t i n g  o f  t h e  upper
l a y e r s  of the s t r a t o s p h e r e .  

Equipment designed f o r  c o l l e c t i o n  and t r a n s m i s s i o n  of weather  
data from sounding b a l l o o n s  d r i f t i n g  i n  t h e  atmosphere a long  con
s t a n t - p r e s s u r e  l e v e l s  and success ive  l o c a l i z a t i o n  of t h e s e  sound
i n g  ba l loons  f o r  de t e rmina t ion  of wind speed was t e s t e d  on t h e  
Nimbus 111. Process ing  o f  t h e  f i r s t  data i n d i c a t e d  tha t  t h e  ac
curacy of  l o c a l i z a t i o n  i s  about 1 . 6  lan. T h i s  appa ra tus  can a l s o  
be used t o  c o l l e c t  and t r a n s m i t  d a t a  from unmanned ground ' s t a t i o n s  
and ocean buoys. Along w i t h  s o l a r - b a t t e r y  c u r r e n t  s o u r c e s ,  t h e  
NASA s a t e l l i t e s  were t h e  f irst  t o  use r a d i o i s o t o p e  t h e r m o e l e c t r i c  
g e n e r a t o r s  - 19 i n  number - d e l i v e r i n g  a cont inuous 50  W o f  power.
During the  f i rs t  week of  the s a t e l l i t e ' s  o p e r a t i o n ,  there  w a s  only 
one case  o f  i n s t rumen t  f a i l u r e :  one o f  t he  s torage-system t a p e
reco rde r s  f a i l ed  on t h e  t e n t h  o r b i t .  

A l l  of  t h e s e  i n s t r u m e n t a l  developments w i t h  t h e  purpose o f  
s o l v i n g  t h e  problem o f  sounding t h e  atmosphere f rom s a t e l l i t e s  a r e  
o r i e n t e d  t o  t h e  use of  s a t e l l i t e s  launched i n t o  c i r c u l a r  quas i -
p o l a r  o r b i t s  about 1000  k m  h igh .  The use  o f  synchronous s a t e l 
l i t e s  ( o r b i t a l  a l t i t u d e s  about  35.8 thousand k m )  i s  of g r e a t  i n 
te res t  from t h e  s t a n d p o i n t  of cont inuous monitor ing of a tmospheric  
p r o c e s s e s .  Es t imates  pub l i shed  i n  a r e p o r t  by  W .  Suomi, R .  Krauss,
and T.V. H a a r  [ 9 4 ]  i n d i c a t e  t h a t  t h e  a c q u i s i t i o n  of outgoing i n f r a 
red r a d i a t i o n  s p e c t r a l  measurements of t h e  necessary  accuracy and 
adequate  s p a t i a l  r e s o l u t i o n  i s  p o s s i b l e  i n  p r i n c i p l e  ( a t  t h e  p re 
s e n t  l e v e l  of t h e  t echn ique )  even i n  t h i s  case .  

s2. 	 RESULTS O F  EXPERIMENTAL STUDIES O F  THE ANGULAR AND SPECTRAL /88
DISTRIBUTIONS O F  THE O U T G O I N G  THERMAL R A D I A T I O N  

Recent y e a r s  have wi tnes sed  a whole s e r i e s  o f  d e t a i l e d  ex
pe r imen ta l  i n v e s t i g a t i o n s  of t h e  s p e c t r a l  and angu la r  s t r u c t u r e s  
of  the outgoing thermal  r a d i a t i o n  f i e l d  by means of t h e  r o c k e t  and 
s a t e l l i t e  in s t rumen t s  d e s c r i b e d  i n  t h e  preceding  s e c t i o n .  Although 
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only a s m a l l  f r a c t i o n  of the  r e s u l t s  ob ta ined  have been reduced 
and analyzed,  pub l i shed  data can b e  used t o  develop a concept ion
of  the b a s i c  laws governing t h e  angu la r  and s p e c t r a l  d i s t r i b u t i o n s  
of the  outgoing thermal r a d i a t i o n  on t h e  basis  o f  experiment .  

Beginning i n  1958, M.N. Markov, I . Y a .  Merson, and M.R. Shami
l e v  C61 conducted systematic  s t u d i e s  o f  t he  outgoing  i n f r a r e d  
r a d i a t i o n  w i t h  i n s t rumen t s  launched on r o c k e t s  and a e r o s t a t s .  The 
angu la r  i n t e n s i t y  d i s t r i b u t i o n  of t h e  outgoing  r a d i a t i o n  was meas
ured i n  the 0.8-40-1.1m r e g i o n  of t h e  spectrum a t  a l t i t u d e s  from 
1 0 0  t o  400 k m  from r o c k e t s  and s imul taneous ly  i n  t h e  lower atmos
phere  up t o  t h e  30-km l e v e l  from geophys ica l  a e r o s t a t s  ( i n  a t o t a l  
of about 50 in s t rumen t  l aunch ings ) .  The angu la r  r e s o l u t i o n  o f  the  
equipment was 2 10 - rad. Reference [6] drew the  fo l lowing
b a s i c  conclus ions  from t h e  s t u d i e s :  1) t h e  agreement between t h e  
measured data and c a l c u l a t i o n s  i s  s a t i s f a c t o r y ;  2 )  i t  i s  found 
t h a t  t h e  c o n t r i b u t i o n  of  t h e  upper a tmospher ic  layers  t o  t h e  out
going r a d i a t i o n  i s  s u b s t a n t i a l l y  l a rger  t h a n  had h i t h e r t o  been 
assumed ( t h e  r a d i a t i n g  t h i c k n e s s  of t h e  atmosphere may r each  
he igh t s  up t o  150 km,  and t h e  a l t i t u d e  d i s t r i b u t i o n  of t h e  con
t r i b u t i o n s  t o  r a d i a t i o n  i s  s t r a t i f i ed ;  f o r  example, r a d i a t i n g  
layers  a t  a l t i t u d e s  of 280, 430, and 500 km a r e  observed f o r  the  
2.5-8-pm r e g i o n  o f  t h e  spec t rum);  3 )  t h e  angu la r  d i s t r i b u t i o n  o f  
the  outgoing r a d i a t i o n  does not  con ta in  sma l l - sca l e  inhomogenei
t i e s ;  4 )  there  i s  no marked d i u r n a l  v a r i a t i o n  o f  t h e  outgoing-
r a d i a t i o n  angu la r  d i s t r i b u t i o n  (me teo ro log ica l  c o n d i t i o n s  a t  t h e  
p a r t i c u l a r  p o i n t  i n  t i m e  are the  de termining  f a c t o r ) .  

I n  l a t e r  r e p o r t s ,  t he  above conclus ions  were q u i t e  thoroughly
d e t a i l e d  on t h e  basis  of a n a l y s i s  of exper imenta l  data not  on ly  
on t h e  angu la r ,  b u t  a l s o  on the  s p e c t r a l  d i s t r i b u t i o n  of  t h e  out
going r a d i a t i o n .  An i n t e r f e r e n c e  spec t romete r  c a r r i e d  aboard a 
USAF s a t e l l i t e  [27 ]  d e l i v e r e d  our f i r s t  in fo rma t ion  on t h e  spec
trum o f  t h e  outgoing thermal  r a d i a t i o n .  

P.A. Bazhul in ,  A.V.  Kartashev,  and M.N. Markov [5, 7 ,  9 1  
s t u d i e d  t h e  angu la r  and spec t r a l  d i s t r i b u t i o n s  of t h e  long-wave
outgoing r a d i a t i o n  w i t h  equipment launched on geophys ica l  r o c k e t s  
t o  a l t i t u d e s  up t o  500 k m  on 1 8  October 1 9 6 2  and 6 and 1 8  June 
1963; M.N. Markov e t  a l .  [l, 4 ,  6 ,  8 ,  1 7 ,  181 made s imultaneous /89
s a t e l l i t e  measurements of t h e  s p e c t r a l  composi t ion (wavelength
i n t e r v a l  from 4 t o  38 pm)  and angular  d i s t r i b u t i o n  ( ang le  range 
-+goo around t h e  n a d i r )  of t h e  outgoing r a d i a t i o n .  The r o c k e t  
measurements were made on b o t h  t h e  ascending and descending seg
ments o f  t h e  r o c k e t  t r a j e c t o r y  us ing  a pu l sed  i n f r a r e d  rocke t  
spec t rometer  (see $1 of  t h i s  c h a p t e r ) .  

The measured data i n d i c a t e  t h a t  the  shape o f  t h e  outgoing
r a d i a t i o n  angu la r  d i s t r i b u t i o n  c.urves i s  weakly dependent on a l t i 
tude  i n  t h e  2OO-5OO-km a l t i t u d e  range .  The angu la r  d i s t r i b u t i o n  
i s  n e a r l y  i s o t r o p i c  f o r  broad r eg ions  of  t he  spectrum, w i t h  a l 
most no smal l - sca le  f l u c t u a t i o n s .  The i n t e n s i t y  f l u c t u a t i o n s  of  
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Figure  2.13. Angular D i s t r i b u t i o n  of the  
E a r t h ' s  I n f r a r e d  Radia t ion  i n  Three Regions
of t h e  Spectrum: 12.5-38 p m  (channel  1); 8.5
38 pm (channel  2); and 4.5-38 pm (channel  3 ) .
Based on data from 6 June 1963 r o c k e t  launch
i n g .  

F igu re  2.14. S p e c t r a l  D i s t r i b u t i o n  of t h e  E a r t h ' s  
I n f r a r e d  Rad ia t ion  from Data of Rocket Launchings 
on 6 and 18 June 1963 for Two S i g h t i n g  D i r e c t i o n s :  
0.5 rad ( a )  and 1 . 2  rad ( b )  off the  n a d i r .  1) 6 
June 1963, east ,  450 km; 2 )  6 June 1963, west, 510 
km;  3) 6 June 1963, w e s t ,  310 k m ;  4) 18 June 1963,
n o r t h ,  200 km.  

t h e  outgoing r a d i a t i o n  are s u b s t a n t i a l l y  g r e a t e r  (up to 50%) i n  
narrow s p e c t r a l  zones. I n  most ca ses ,  t h e  maximum of t he  s p e c t r a l
d i s t r i b u t i o n  l i e s  i n  t he  4.5-8.5-pm band, where t h e  e f f e c t i v e  t e m 
p e r a t u r e  r eaches  270-280°K, whi le  i t  i s  about 240'K i n  t he  t r a n s 
parency window (weather cond i t ions  are c h a r a c t e r i z e d  by t he  p re 
sence  o f  v a r i a b l e  c loud iness  r ang ing  from 1 - 2  to 7-8 p o i n t s  on t he  
s c a l e ,  w i t h  t h e  lower boundary a t  a l t i t u d e s  from 1 t o  7 k m ) .  Fig
ure 2.13 shows an example o f  t h e  r e s u l t s  of r o c k e t  measurements of 
t he  ou tgo ing- rad ia t ion  angu la r  d i s t r i b u t i o n  i n  three r eg ions  of 
the  spectrum as o b t a i n e d  i n  t h e  6 June 1963 launching.  S ince  
these data p e r t a i n  to t h e  peak of t h e  t r a j e c t o r y ,  t he  a l t i t u d e  of 
t he  r o c k e t  d i d  no t  change ve ry  g r e a t l y  du r ing  scanning ,  ave rag ing
about  400 k m  for the  lower curves  and about 500 km for the upper  
curves .  
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F i g u r e  '2 .14  p r e s e n t s  data on the  s p e c t r a l  d i s t r i b u t i o n  of t h e  
outgoing  r a d i a t i o n  for these three r e g i o n s  of  the spec t rum and 
s i g h t i n g  d i r e c t i o n s  of 0 .5  and 1 . 2  rad from t h e  n a d i r .  

Comparison of the  (90
r a d i a t i o n  tempera tures
w i t h  t he  rea l  tempera-T-Fq-L t u r e  v a l u e s  at  t h e  var 
i o u s  l e v e l s  showed tha t  
the  e f f e c t i v e  tempera

"P" 'OD " 60 40 Nadir 
1 --I t u r e  for t he  i n t e g r a t e d  

_o 40 MI *' '*-~' r a d i a t i o n  corresponds to 
the  a i r  t empera tu re  a t  
the 6-km 1e;el. For  theFigure  2 .15 .  Rad ia t ing  Layers of the  r e g i o n  of t h e  water vaporIonosphere.  	 a b s o r p t i o n  band (4.5
8.5 pm) , t h i s  l e v e l  l i e s  
a t  a n  a l t i t u d e  o f  2 km. 

However, t he  i n t e r p r e t a t i o n  to be  p u t  on the  high rad ia t ion- tem
p e r a t u r e  v a l u e s  i n  t h i s  c a s e  i s  tha t  t h e  upper  l a y e r s  of t he  at
mosphere are the  source  of  t he  r a d i a t i o n ,  s o  t ha t  t h i s  correspon
dence i s  of only formal  s i g n i f i c a n c e .  It shou ld  b e  no ted  i n  t h i s  
con tex t  tha t  the  d e t e c t i o n  o f  i n t e n s e  i o n o s p h e r i c  i n f r a r e d  radia
t i o n  i n  [6,  9 ,  181 i s  h i g h l y  impor tan t .  F i g u r e  2.15 p r e s e n t s  an  
example of i o n o s p h e r i c  r a d i a t i o n  l a y e r s  acco rd ing  to data from t h e  
1 8  June 1963 r o c k e t  experiment .  

S t rong  i n f r a r e d  r a d i a t i o n  from l a y e r s  of t he  atmosphere i n  
t he  250-300, 420-450, and 500-km a l t i t u d e  r anges  has been d e t e c t e d  
i n  obse rva t ions  under v a r i o u s  c o n d i t i o n s .  T h i s  r a d i a t i o n  i s  f o r  
the most pa r t  concen t r a t ed  i n  t he  2.5-3-pm band and i n  t h e  sun
lit p a r t  of t h e  atmosphere.  The r a d i a n t  f l u x  r e a c h e s  (3-7) * l o 2  /91
W/m2 when t h e  l i n e  of s i g h t  i s  t a n g e n t i a l  and passes through about  
1000 k m  of atmosphere. The i n t e n s i t y  of t he  r a d i a t i o n  i n c r e a s e s  
du r ing  the  s o l a r - a c t i v i t y  maximum. 

Table  2.3 i s  a summary, based on M . N .  Markov's data [g] ,  of 
the  r e s u l t s  o f  t he  experiments  t h a t  l e d  to d e t e c t i o n  of t h e  ionos
p h e r i c  thermal l a y e r s .  Here, KP i s  t h e  p l a n e t a r y  magnet ic  d i s 

tu rbance  index ,  which c h a r a c t e r i z e s  the v a r i a t i o n s  of s o l a r  ac
t i v i t y .  All of t he  in s t rumen t s  l i s t e d  i n  t h e  t a b l e  (except  for /92
the  MS-2) were rocket-borne r ad iomete r s .  

The  measured data i n d i c a t e  t ha t  t he  r a d i a t i n g  l a y e r s  are  ob
se rved  bo th  du r ing  the  day and a t  n i g h t  at  p r a c t i c a l l y  a l l  l a t i 
t u d e s  (+65O). Ca re fu l  a n a l y s i s  of equipment o p e r a t i n g  c o n d i t i o n s  
showed tha t  these f i n d i n g s  could not  be  t h e  r e s u l t  of some s o r t  of 
measurement e r r o r ,  b u t  are q u i t e  o b j e c t i v e  i n  n a t u r e .  

As f o r  the n a t u r e  of the r a d i a t i o n ,  i t  i s  concluded i n  [9 ,
181 tha t  i t  i s  due t o  e x c i t a t i o n  of the  molecules  of c e r t a i n  a t 
mospheric g a s e s  by the  s o l a r  co rpuscu la r  r a d i a t i o n .  It appears 
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TABLE 2.3. R A D I A T I N G  LAYERS O F  THE IONOSPHERE 
__.- . . .-==

Spectral 

Date Layer sensitivity
of range KPExperimen (Moscow t i m e  

altitudes 
-men1Irm 

-___- -_ -
pm 

Fuz-1 27 Aug 1958 
8h 06m 

290 
425 

0,8-40 5.0 

RIZ-5 18 Oct 1962 
llh 3Om 

210 
430 

0.8-40 4.0 

495 

6July1963 
4h 36x11 

320 
400 

2 , 5 4 0  0 

18June1963 280 2,5-40 3-4 
4h 2om 420 

505 
MR-1 18 Oct 1962 400 4.5-8.5 4.0 

Ilh 30m 

6June 1963 
4h 36m 

320 4.5-8,s 0 

MS-2 13 Sept 1964 
17-19h 

280 4,5--8,5 
0.8-4.5 

1-2 

17Aprir 1965 
13-18h 

150 
320 

4,5-8.5 0 

18-22h 250 
320 

4,5-8.5 4.0 

RIZ-10 1 Oct 1965 250-300 0.8-40 0 
6h 57m 4 0  

500 

Anthony ana 
Smiley [26J 

1w2 160 ,45-4,95 

tha t  NO might be one o f  t h e s e  gases  ( t h i s  a p p l i e s  i n  any event  t o  
the 280-km a l t i t u d e ) .  E s t i m a t e s  i n d i c a t e  t h a t  t h e  e f f e c t i v e  tem
p e r a t u r e  should  be  about  2000OK at  t h e  r a d i a n t  i n t e n s i t y  observed.  
I n  t h i s  c a s e ,  however, i t  i s  not  p o s s i b l e  to es t ab l i sh  correspond
ence between t h e  e f f e c t i v e  and k i n e t i c  tempera tures  owing t o  t h e  
absence of thermodynamic equ i l ib r ium.  

It must be s t ressed t h a t  no convincing t h e o r e t i c a l  i n t e r p r e 
t a t i o n  o f  t h e  r a d i a t i n g  l a y e r s  has as y e t  been found. T h i s  c i r 
cumstance o c c a s i o n a l l y  g i v e s  r i s e  to arguments as t o  whether  t hey
r e a l l y  e x i s t .  Thus, f o r  example, V . I .  Krasovskiy [lo61 advanced 
the hypo thes i s  t h a t  the i n t e n s e  i n f r a r e d  r a d i a t i o n  may be due t o  
secondary p r o c e s s e s  a s s o c i a t e d  w i t h  p o l l u t i o n  of .  t h e  atmosphere by
r o c k e t - f u e l  combustion p roduc t s  and o t h e r  f a c t o r s .  

A . I .  Lebedinskiy e t  a l .  [lo-161 measured t h e  s p e c t r a l  compo
s i t i o n  of t he  outgoing  thermal r a d i a t i o n  i n  t h e  7-38-Pm band us ing  
a d i f f r a c t i o n - t y p e  scanning  spec t romete r  on the  Kosmos 45, Kosmos 
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Figure  2.16. S p e c t r a l  D i s t r i b u t i o n  of t he  
E a r t h ' s  I n f r a r e d  Rad ia t ion  Near t h e  L imb  of 
t h e  P l a n e t  and a t  t he  Nadir .  a )  0 O  = 1-1.5; 
b )  	.eo = 0.5-1.0; C )  eo = 0-0.5; d )  eo = ' O  
to -1; e )  e o  = -1 t o  -3; f) e o  = -3 to -6;  
g )  n a d i r .  

65,  and Kosmos 9 2  s a t e l l i t e s  ( s e e  t h e  d e s c r i p t i o n  of t h i s  i n s t r u 
ment i n  $1 o f  t h e  p r e s e n t  c h a p t e r ) .  Analysis  of t h e  measured out 
go ing- rad ia t ion  s p e c t r a l - d i s t r i b u t i o n  data f o r  cloudy and c l e a r  
s k i e s  c l e a r l y  b r i n g s  out  the 9.6-vm ozone band, t h e  15-vm carbon 
d iox ide  band, and o t h e r  emiss ion  bands s e p a r a t e d  by t r anspa rency
windows. T h i s  i s  c l e a r l y  i l l u s t r a t e d ,  f o r  example, by t h e  r e s u l t s  
o f  measurements made w i t h  t h e  spec t ropho tomete r ' s  1O46' x 2O20' 
f i e l d  o r i e n t e d  t o  t he  n a d i r  and i n  the  d i r e c t i o n  of t h e  h o r i z o n ,
C161. The o r i e n t a t i o n  of t h e  i n s t r u m e n t ' s  o p t i c a l  a x i s  w i t h  re
s p e c t  t o  t h e  ho r i zon  was determined from scans  a c r o s s  t h e  ha r i zon  
a t  t h e  10- and lg -vm wavelengths .  

The r e s u l t s  o f  r e d u c t i o n  o f  222  spectrograms ob ta ined  i n  
A p r i l  1965 f o r  the l a t i t u d e  b e l t  from 45 to 15" South over  t h e  
A t l a n t i c  and P a c i f i c  Oceans on t h e  daytime s i d e  o f  t h e  earth were 
analyzed i n  [16]. Some of t h e  r e s u l t s  appear i n  F i g .  2.16. Here, 
0 i s  t h e  angle  of  d e f l e c t i o n  of t h e  spec t ropho tomete r ' s  o p t i c a l
a x i s  from t h e  l i m b  of t h e  ear th  ( p o s i t i v e  0 imply t h a t  t h e  o p t i c a l  
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a x i s  was p o i n t e d  above the  ea r th ' s  v i s i b l e  h o r i z o n ) .  The s c a t t e r 
i n g  of t h e  p o i n t s ,  which i s  i n d i c a t e d  by t h e  v e r t i c a l  l i n e s ,  char
a c t e r i z e s  the  r e a l  d i s p e r s i o n  o f  t he  outgoing r a d i a t i o n  r a t h e r  
t han  e r r o r s  o f  measurement. 

A s  w e  see from F i g .  2.16, t h e  outgoing r a d i a t i o n  i n c r e a s e s  
r a p i d l y ,  e s p e c i a l l y  i n  t h e  t ransparency  windows, as the s i g h t i n g
l i n e  approaches the  ho r i zon  from the  space  s i d e  ( e  > 0 ) .  A s  i t  
moves onto  t h e  d i s k  o f  t h e  p l a n e t ,  t h e  maxima are r e c o n s t r u c t e d  
i n t o  d i s t i n c t  minima i n  t h e  ozone and carbon d iox ide  emission 
bands because of t he  appearance o f  t h e  " w a r m "  r a d i a t i o n  of t h e  
ea r th ' s  s u r f a c e  i n  t h e  t r anspa rency  windows. A t  d i s t a n c e s  o f
3-6O from t h e  ho r i zon  (above t h e  ea r th ' s  d i s k ) ,  t h e  outgoing radi-

/94 
a t i o n i s  p r a c t i c a l l y  i d e n t i c a l  t o  t h a t  observed a t  t h e  n a d i r .  It 
i s  impor tan t  t o  n o t e  here t h a t  the  n a t u r e  o f  t he  i n f r a r e d  "darken
ing"  toward the  l i m b  v a r i e s  s u b s t a n t i a l l y  as a f u n c t i o n  of wave
l e n g t h  (F ig .  2 .17) .  A "b r igh ten ing"  e f f e c t  toward t h e  l i m b  i s  ob
se rved  f o r  the  l5-pm wavelength.  A s imilar  phenomenon was re
p o r t e d  i n  [19] on t h e  basis  o f  r o c k e t  measurements us ing  a three-
channel  rad iometer  ( e f f e c t i v e  wavelengths o f  1 0 . 9 7 ,  14.76, and 
24 .79  vm w i t h  i n t e r v a l  w i d t h s  of 1 . 4 1 ,  1 .51 ,  and 1 0 . 9 4  u m ,  re
s p e c t i v e l y )  having an extremely narrow f i e l d  ( 0 . 2 - 0 . 4 ' ) ,  and i n  
the  s t u d i e s  o f  A .  G i r a rd  [ 2 2 ,  891. Rocket measurements of t he  
angu la r  d i s t r i b u t i o n  o f  t h e  outgoing r a d i a t i o n  a t  3 .5 ,  4.3,  4 .7 ,
and 6 . 3  u m  nea r  t h e  ho r i zon  a r e  a l s o  desc r ibed  i n  [26 ] .  

J . H .  Lienesh and D . Q .  Wark C231 used s t a t i s t i c a l  methods t o  
reduce measurements made w i t h  a f ive-channel  rad iometer  on t h e  
T i r o s  11, T i r o s  111, T i r o s  IV, and T i r o s  VI1 weather  s a t e l l i t e s  
and found t h a t  t he  r a d i a n t  i n t e n s i t y  v a r i e d  g r e a t l y  a t  a g iven
n a d i r  a n g l e .  The a u t h o r s  o f  [23] p l o t t e d  a n g u l a r - d i s t r i b u t i o n  
curves o f  ou tgo ing- rad ia t ion  i n t e n s i t y  f o r  data samples correspond
i n g  t o  va r ious  f r a c t i o n s  ( expres sed  i n  t e n t h s )  o f  t h e  t o t a l  number 
of measured va lues  f o r  a p a r t i c u l a r  n a d i r  a n g l e  ( e . g . ,  from t h e  
va lues  cor responding  to 0 . 1  o f  a l l  c a s e s ,  e t c . ) .  The angular -
d i s t r i b u t i o n  curves  were normalized w i t h  r e f e r e n c e  t o  t h e  45O 
ang le ,  f o r  which t h e  measured data  were most numerous. A s m a l l  
f r a c t i o n  of t h e  cases  ( 0 . 1 )  p e r t a i n s  to the  c o n d i t i o n s  of  w a r m  and 
g e n e r a l l y  c l o u d l e s s  r e g i o n s  (h igh  ou tgo ing- rad ia t ion  v a l u e s ) .  For  
0 . 9  o f  c a s e s ,  t h e  data p e r t a i n  t o  co ld  a r c t i c  r eg ions  w i t h  dense 
unbroken cloudage having h i g h - a l t i t u d e  upper boundar ies  (low out
g o i n g - r a d i a t i o n v a l u e s ) .  For t h e  8-12-pm atmospheric  t r anspa rency
window, t h e  r ange  of v a r i a t i o n  o f  t h e  outgoing  r a d i a t i o n  f l u x e s  i s  
0-57 W/m2. 

T h e o r e t i c a l  c a l c u l a t i o n s  made p rev ious ly  t o  determine t h e  i n 
frared darkening  f o r  schemat ic  c loudless-sky and unbroken-cloudage 
cases  i n d i c a t e d  tha t  t he  degree of  darkening depended on t h e  abso
l u t e  r a d i a n t  i n t e n s i t y .  S t a t i s t i c a l  a n a l y s i s  o f  t h e  exper imenta l
data i n d i c a t e d  t h a t  t h i s  conclus ion  was i n  e r r o r .  However, sub
s t a n t i a l  v a r i a t i o n s  of  t h e  i n f r a r e d  darkening  were d e t e c t e d  as 
f u n c t i o n s  of l a t i t u d e  and season;  t h i s  can be exp la ined  by t h e  
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Figure  2.17. Angular D i s t r i b u t i o n  o f  
t he  E a r t h ' s  I n f r a r e d  Rad ia t ion  a t  V a r 
i o u s  Wavelengths. a )  Absolute va lues  ; 
b )  r e l a t i v e  va lues .  

v a r i a t i o n s  o f  t h e  a i r  and under ly ing-sur face  temperatures and o f  
the cloudage c h a r a c t e r i s t i c s  and c o n d i t i o n s .  A s  a r u l e ,  the  i n 
frared darkening observed i n  t h e  p o l a r  and t r o p i c a l  r e g i o n s  i s  
s t r o n g e r  t h a n  t h a t  a t  temperate l a t i t u d e s .  
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J . H .  Lienesh and D.Q. Wark E231 and t h e  au tho r s  of 11021 de- /*
r i v e d  e m p i r i c a l  r e l a t i o n s h i p s  tha t  d e s c r i b e  t he  a n g u l a r  d i s t r i b u 
t i o n  of  the ou tgo ing- rad ia t ion  i n t e n s i t y  ( i n f r a r e d  darkening)  as 
a f u n c t i o n  o f  l a t i t u d e  and t i m e  of y e a r  ( e m p i r i c a l  o r thogonal  func
t i o n s  were used t o  smooth t h e  ou tgo ing- rad ia t ion  f i e l d s ) ,  bu t  
noted t ha t  a l l  of t h e  r e s u l t s  r e q u i r e  improvement as exper imenta l
data are accumulated . 

J . R .  Thomas, E.E.  Jones ,  and R.E. Pe t e r son  [ l o 2 1  proposed a 
method for a n a l y t i c a l  approximation of computed data on t h e  an
g u l a r  i n t e n s i t y  d i s t r i b u t i o n  of the thermal r a d i a t i o n  t h a t  t h e  
ear th  radiates i n t o  space  i n  t h e  14-16-ym band, which were r ep re 
s e n t e d  as t h e  dependence o f  the  r a d i a n t  i n t e n s i t y  on a l i n e  p a r a l 
l e l  t o  t h e  t angen t  t o  t h e  ear th 's  s u r f a c e  on t h e  he igh t  of t h a t  
l i n e  above the ear th ' s  s u r f a c e .  The i n i t i a l  data took  the  form 
of 20 " c l i m a t o l o g i c a l "  (computed f o r  va r ious  a t m o s p h e r i c - s t r a t i f i 
c a t i o n  models i n  o r d e r  t o  t a k e  account of t he  l a t i t u d e  and annual  
v a r i a t i o n s )  a n g u l a r  d i s t r i b u t i o n s  p e r t a i n i n g  t o  r a y  h e i g h t s  from 
-30 t o  +80 k m  and monthly-average d a t a  on the s t r a t i f i c a t i o n  for 
January ,  A p r i l ,  J u l y ,  and October a t  Northern l a t i t u d e s  of 20,  30,
45, 60, and 75" a long t h e  g o o  meridian west of Greenwich ( t h e  east-
c e n t r a l  s e c t o r  of t h e  North American c o n t i n e n t ) .  

Reference E1021 g ives  24  f u n c t i o n a l  r e p r e s e n t a t i o n s  o f  data 
on the  r a d i a n t  i n t e n s i t y  angu la r  d i s t r i b u t i o n ,  which were analyzed 
as cor responding  to t h e  shapes of t h e  a n g u l a r - d i s t r i b u t i o n  curves .  
De ta i l ed  c o n s i d e r a t i o n  was given t o  the p o s s i b i l i t i e s  of app ly ing  
two approximations based on the  use o f :  1) the  r a t i o  of two t en -
t e r m  power polynomials ;  2 )  a t r i g o n o m e t r i c  s e r i e s  w i t h  f i v e  t e r m s .  
The bes t  approximation i s  s e l e c t e d  by t h e  Tschebyscheff l i n e a r  
programming method. It i s  shown t h a t  t h e  accuracy of t h e  approxi
mation depends s t r o n g l y  on t h e  number of terms i n  the  expansion.
U s e  o f  t h e  r a t i o  of polynomials w i t h  t e n  terms makes i t  p o s s i b l e  
t o  reduce t h e  e r r o r  t o  +2-4% ( w i t h  r e s p e c t  t o  t h e  i n t e n s i t y  maxi
mum) for a l t i t u d e s  from -30 to 50 k m .  I n  t h e  50-80 km a l t i t u d e  
range ,  t h e  e r r o r s  i n c r e a s e  to 6-42%.  The f ive- te rm t r igonomet r i c
ser ies  y i e l d s  an e r r o r  of +5% ( i n c r e a s i n g  t h e  number o f  t e r m s  to 
e leven  reduces t h e  e r r o r  by a f a c t o r  of 3-5) .  The accuracy of t h e  
t r i gonomet r i c  approximation improves i f  w e  drop t h e  assumption of 
zero  r a d i a n t  i n t e n s i t y  a t  a r a y  d i s t a n c e  of 80 km from t h e  ground. 

W e  no te  t h a t  a s i m i l a r  s t a t i s t i c a l  i n v e s t i g a t i o n  of the  
r e f l e c t e d  s o l a r  r a d i a t i o n  a n g u l a r  d i s t r i b u t i o n  was made i n  E241 i n  
the  0.55-0.75-ym band (on the  basis of  T i r o s  I V  da ta ) .  The re
s u l t s  o f  ou tgo ing  longwave r a d i a t i o n  measurements made w i t h  t he  
T i ros  I11 and T i r o s  I V  weather s a t e l l i t e s  were used i n  C28, 291  
for a n a l y s i s  o f  i n d i v i d u a l  i n f r a r e d  a n g u l a r  d i s t r i b u t i o n  curves 
and comparison w i t h  c a l c u l a t e d  r e s u l t s .  S i m i l a r  data from aero
s t a t  measurements for the  0.55-0.75-ym and 0.2-5.0-ym i n t e r v a l s  
are given i n  Egg]. 
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According t o  [lo], a d i s t i n c t  n e g a t i v e  c o r r e l a t i o n  i s  ob
se rved  between t h e  r e a d i n g s  o f  a photometer s e n s i t i v e  i n  t h e  0.6
0.8-pm band and the  r e s u l t s  of measurements f o r  t h e  8-12-pm t r a n s 
parency window, r e f l e c t i n g  t h e  c o n t r a r y  e f f e c t s  o f  cloudage on 
t h e  outgoing  shortwave and longwave r a d i a t i o n .  A s imilar  n e g a t i v e
c o r r e l a t i o n  a l s o  occurs  f o r  t h e  outgoing  r a d i a t i o n  a t  18 .5  pm.
Here i t  i s  found tha t  t he  i n f l u e n c e  of cloudage i s  s t r o n g l y  mani
fes ted i n  a l l  o f  the s p e c t r a l  r eg ions  s t u d i e d .  T h i s  i s  because 
t h e  lower h a l f  o f  t h e  t roposphe re  makes the b a s i c  c o n t r i b u t i o n  t o  
the  outgoing  r a d i a t i o n  i n  t h e  7-38-pm range o f  wavelengths .  The 
i n f r a r e d  r a d i a t i o n  may vary i n  many d i f f e r e n t  ways as a f u n c t i o n  
o f  c loudage.  P.A. Bazhul in ,  A.V. Kartashev,  and M.N.  Markov [6]
showed that  t h e  n a t u r e  o f  t h i s  dependence i s  determined p r i m a r i l y
by t h e  p r o p o r t i o n s  o f  c louds a t  t h e  v a r i o u s  l e v e l s .  

A . I .  Lebedinskiy e t  a l .  1101 found t h a t  t h e  r a d i a t i o n  v a r i e s  
widely w i t h  t i m e  i n  the r eg ion  o f  t he  9.6-pm ozone a b s o r p t i o n  band 
owing t o  v a r i a t i o n s  o f  t h e  atmosphere 's  ozone c o n t e n t .  It i s  as
sumed i n  t h i s  con tex t  t h a t  t h e  c o n t r i b u t i o n  of  r a d i a t i o n  i n  t h e  
r e g i o n  of t h e  14.1-pm ozone band t o  t h e  outgoing  r a d i a t i o n  cor re
sponding t o  t h i s  wavelength may a l s o  be s u b s t a n t i a l .  

Reference [14] ana lyzes  the  r e s u l t s  of  s p e c t r a l  measurements 
of  t h e  outgoing thermal  r a d i a t i o n  i n  t h e  7-26-vm wavelength band 
t h a t  were made w i t h  the  Kosmos 45 (September 1964) and Kosmos 65 
( A p r i l  1965) s a t e l l i t e s  f o r  t h e  zone from 65O S. l a t .  t o  65" N .  
l a t .  w i t h  t h e  o b j e c t  of s tudy ing  t h e  l a t i t u d e  v a r i a t i o n  of  t h e  
outgoing r a d i a t i o n .  

The l a t i t u d e  curves  o f  ou tgoing  r a d i a t i o n  shown i n  F i g s .  2.18 
and 2.19 f o r  a cont inuous s e t  o f  s p e c t r a l  i n t e r v a l s  1 pm wide i n 
d i c a t e  t h a t  t h e  r a d i a n t  i n t e n s i t i e s  are minimum a t  high l a t i t u d e s  
and i n c r e a s e  toward the  t r o p i c s ;  t h i s  dependence i s  most s t r o n g l y
mani fes ted  i n  t h e  8-13 and 16-20-pm ranges  ( the  atmosphere 's  t r a n s 
parency windows). I n  t h e  8-13-vm band, the  t u t g o i n g  r a d i a t i o n  
i n c r e a s e s  from (1-1.5) lo3 W/cd-pm a t  l a t i t u d e  65O t o  (2-2 .5) .

lo3 W/cm2*vm i n  t h e  s u b t r o p i c s .  The r a d i a t i o n  a t  14-16 and 22
26 pm i s  v i r t u a l l y  independent  of l a t i t u d e ,  amounting t o  ( 0 . 5 - 0 . 7 ) .

W/cm2*pm. Cloud cover s t r o n g l y  i n f l u e n c e s  t h e  l a t i t u d e  
v a r i a t i o n  o f  t h e  ou tgo ing  r a d i a t i o n  ( e s p e c i a l l y  i n  t h e  t r a n s p a r 
ency windows); t h i s  i s  mani fes ted  i n  t h e  e x i s t e n c e  of a r a d i a t i o n  
minimum i n  t h e  r e g i o n  of t h e  equator  (due t o  the  i n c r e a s e d  amount 
of  c loud  cover i n  t h e  i n t e r t r o p i c a l  convergence zone) .  I n  Septem- [ 
b e r  1964, the  e q u a t o r i a l  minima were n o r t h  of the  equa to r  around 
t h e  c lock;  i n  A p r i l  1965, t hey  were n o r t h  o f  i t  at  n i g h t  and sou th  
of i t  i n  t h e  daytime ( t h e  d i s t a n c e s  of  t h e  minima from t h e  equa to r  
were 5-10") .  There are a l s o  marked s h i f t s  o f  t h e  s u b t r o p i c a l  ou t 
go ing- rad ia t ion  maxima. The outgoing r a d i a t i o n  i s  most v a r i a b l e  i n  
t h e  r eg ion  of  t h e  e q u a t o r i a l  minima and least  v a r i a b l e  i n  t h e  re
g i o n  of the s u b t r o p i c a l  maxima. 

I 
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Figure  2.18. L a t i t u d e  V a r i a t i o n s  of  Out
going Rad ia t ion  i n  Various Regions o f  t h e  
Spectrum. 1) Kosmos 65; 2 )  Kosmos 45. 

Comparison of  t he  ou tgo ing- rad ia t ion  f i g u r e s  f o r  t h e  same 
l a t i t u d e  on t h e  n i g h t t i m e  and s u n l i t  s ides  of t he  e a r t h  showed 
t h a t  i n  September, t he  daytime va lues  exceed t h e  n igh t t ime  va lues  
i n  t h e  zone from t h e  e q u a t o r  t o  l a t i t u d e s  o f  40-50°. A t  h i g h e r
l a t i t u d e s ,  t he  n i g h t  and day v a l u e s  a r e  almost i d e n t i c a l .  The  
d i u r n a l  v a r i a t i o n  p r e s e n t s  a more complex p i c t u r e  i n  A p r i l .  

The mer id iona l  r a d i a t i o n  d i s t r i b u t i o n  i s  found t o  be asym
m e t r i c a l  about the equa to r .  Determinat ion o f  t h e  i n t e g r a t e d  out
going r a d i a t i o n  va lues  and comparison w i t h  s imi la r  d a t a  from T i r o s  /lo0
VI1 showed c l o s e  agreement.  Determinat ion o f  t h e  averaged ( f o r
va r ious  seasons )  mer id iona l  i n t e g r a l  outgoing r a d i a t i o n  d i s t r i b u 
t i o n s  showed t h a t  t hey  va ry  only very  s l i g h t l y  i n  t ime (see a l s o  
ClOl, 1031). 


Reference [l5] makes an  i n t e r e s t i n g  comparison o f  the  meas
ured  outgoing  the rma l  r a d i a t i o n  s p e c t r a  w i t h  data from ground
meteo ro log ica l  measurements. For example, i t  was shown by analyz
ing 70 s p e c t r a  tha t  the r a d i a t i o n  tempera ture  f o r  t h e  12-pm wave
l e n g t h  corresponds t o  most c l o s e l y  t o  the  tempera ture  o f  t h e  a i r  
a t  the ground ( t h e  d e v i a t i o n s  do no t  exceed 5 O C  i n  70% o f  c a s e s ) .  
A s  a r u l e ,  t he  h i g h e s t  r a d i a t i o n  tempera ture  i s  observed a t  t h i s  
wavelength ( i n  7 0 %  of  c a s e s ,  t h e  r ad ia t ion - t empera tu re  maximum 
f a l l s  i n  t h e  11.5-12.4-vm wavelength i n t e r v a l ) .  
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Figure  2 - 1 9 .  L a t i t u d e  V a r i a t i o n s  o f  Out
going  Rad ia t ion  i n  Various Regions o f  t h e  
Spectrum. 1) Kosmos 65; 2 )  Kosmos 45. 

The ou tgo ing- rad ia t ion  maximum i s  s h i f t e d  toward longe r  wave
l e n g t h s  w i t h  r e s p e c t  t o  t he  10-11-pm i n t e r v a l  o f  maximum atmos
p h e r i c  t r anspa rency ;  t h i s  can be  exp la ined  b y  t h e  d i s t o r t i n g  ef
f e c t  o f  t h e  in s t rumen t .  

Comparison of measured and c a l c u l a t e d  outgoing r a d i a t i o n  
s p e c t r a  for t h e  8-35-pm wavelength range  and c o n s i s t e n t l y  cloud
less  s i t u a t i o n s  i n d i c a t e s  t h a t  t h e  d i f f e r e n c e s  a r e  l a r g e s t  i n  t h e  
absorption-band r eg ions  and a r e  due t o  a d e f e c t  of t h e  c a l c u l a t i o n  
method and incompleteness  of t h e  s t a r t i n g  me teo ro log ica l  d a t a .  
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F i g u r e  2 . 2 0  p r e s e n t s  an ex
ample i n  which c a l c u l a t e d  
and measured s p e c t r a  a r e  
compared f o r  t h r e e  p o i n t s  i n  
the middle l a t i t u d e s  of t h e  
n o r t h e r n  hemisphere.  

Comparison o f  t h e  var 
i a t i o n s  o f  c loudage,  tem
p e r a t u r e  a t .  va r ious  l e v e l s ,  
and r a d i a t i o n  tempera tures
f o r  v arious w ave'length s 
along t h e  s a t e l l i t e ' s  p a t h
l e d ' t o  the  conc lus ion  t h a t  
t h e  i n f l u e n c e  o f  cloudage on 
t h e  outgoing r a d i a t i o n  

T'K a)
300 r 

Figure  2 . 2 0 .  Comparison o f  Meas
ured ( S o l i d  Curves) and Calcu
l a t e d  (Dashed Curves) Outgoing
Rad ia t ion  SDectra .  5 9 O  

can 
be  t r a c e d  d i s t i n c t l y  no t  
only i n  t h e  t r anspa rency
windows (where i t  i s  s t rong
e s t ) ,  b u t  a l s o  i n  o t h e r  
( p r a c t i c a l l y  a l l )  s p e c t r a l
i n t e r v a l s .  Thus, f o r  ex
ample, t h e  rad ia t ion- tem
p e r a t u r e  d i s t r i b u t i o n  f o r  
the  I l7-2O-pm i n t e r v a l  r e 
sembles t h e  v a r i a b i l i t y  of 
t empera ture  f o r  t h e  8-12-vm 
window. Here t h e  a b s o l u t e  
tempera tures  for t h e  8-12-pm 
range are approximately 5
7 O  h ighe r  i n  the  absence of 
c louds ,  and t h e  d i f f e r e n c e s  
c louds .  

The a l t i t u d e  v a r i a t i o n s  

a )  61° N .. 
E ;  b )  54' N-, 1 4 0 "  E ; - c )  46" N ,  
151O E. 

diminish  to zero  i n  t h e  presence  of 

of t h e  e f f e c t i v e  r a d i a t i o n  l e v e l s  
were i n v e s t i g a t e d  f o r  va r ious  wavelengths i n  [15] on t h e  basis of 
a e r o l o g i c a l  sounding d a t a  and r e s u l t s  of ou tgo ing- rad ia t ion  meas
urements.  These v a r i a t i o n s  depend s t r o n g l y  on wavelength.  Thus, 
f o r  the  1 2 - and 18-pm wavelengths ,  which l i e  i n  t r a n s p a r e n t  seg
ments,  l e v e l  a l t i t u d e  f l u c t u a t e s  from t h e  t o p  to t h e  bot tom of  t h e  
t roposphere .  For o t h e r  wavelengths ,  where a b s o r p t i o n  i s  s t r o n g e r ,
t h e s e  v a r i a t i o n s  are  much smaller:  5-8 k m  a t  1 4  p m ,  4-8 k m  a t  / l o 1
23 pm, and 5-11 k m  a t  32 pm.  N a t u r a l l y ,  such wide v a r i a t i o n s  of 
e f f e c t i v e - l e v e l  h e i g h t  make it i m p o s s i b l e  t o  e s t ab l i sh  d i r e c t  cor
respondence between r a d i a t i o n  and a q t u a l  tempera tures  a t  any f i x e d  
l e v e l ,  as has been shown e a r l i e r  by t h e o r e t i c a l  c a l c u l a t i o n s  c201.  

I n  view o f  t h e  s t r o n g  v a r i a b i l i t y  o f  t h e  outgoing r a d i a t i o n ,  
g r e a t  i n t e r e s t  a t t a c h e s  t o  s t a t i s t i c a l  a n a l y s i s  o f  the data. With
ou t  r e s t a t i n g  the  r e s u l t s  ob ta ined  i n  t h i s  problem, which are  d i s 
cussed i n  [21], w e  n o t e  tha t  i n  a r e c e n t  s tudy  E131, s p e c t r a l  
measurements of t h e  outgoing  thermal  r a d i a t i o n  made i n  t h e  7-15-pm 
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band wi th  a d i f f r a c t i o n - t y p e  scanning  spec t romete r  on the Kosmos 
45 s a t e l l i t e  were used t o  c o n s t r u c t  two-dimensional r a d i a n t  i n 
t e n s i t y  d i s t r i b u t i o n  laws f o r  s e v e r a l  s p e c t r a l  i n t e r v a l s  i n  t h i s  
band. The r a d i a t i o n  from ground areas o f  75 km2 w a s  r e g i s t e r e d  / l o 2
from an. average s a t e l l i t e  a l t i t u d e  of 250 k m .  Various p a i r s  of 
s p e c t r a l  i n t e r v a l s  were s e l e c t e d  f o r  c a l c u l a t i o n  of  t h e  c o r r e l a 
tion moments and c o e f f i c i e n t s  o f  c o r r e l a t i o n .  A t o t a l  o f  1176 
spectrograms was processed .  

The h i g h e s t  c o r r e l a t i o n  i s  observed between the  r a d i a n t  i n 
t e n s i t i e s  i n  t h e  emiss ion  bands o f  t h e  same a tmospher ic  gas a t  
c l o s e l y  similar a b s o r p t i o n - c o e f f i c i e n t  va lues .  T h i s  a p p l i e s ,  f o r  
example, t o  the 8-9 and l O - l l - v m  and 8-9 and 1 1 - 1 2 - v m  bands,  for 
which the c o r r e l a t i o n  c o e f f i c i e n t s  are 0.91 and 0.87,  r e spec t ive ly .  
The lowest  c o r r e l a t i o n  occurs  when w e  cons ide r  the  r a d i a n t  i n t e n 
s i t i e s  i n ’  the  bands o f  d i f f e r e n t  g a s e s .  Thus, f o r  example, t h e  
c o r r e l a t i o n  c o e f f i c i e n t  f o r  t he  7-8-~im (water vapor)  and 14-15-pm
(carbon d i o x i d e )  i n t e r v a l s  i s  0 .17 .  Such low c o r r e l a t i o n  can be 
expla ined  by the  f a c t  t h a t  t he  r a d i a t i o n  i n  these i n t e r v a l s  i s  
gene ra t ed  i n  d i f f e r e n t  l a y e r s  o f  the atmosphere.  The r e s u l t s  may
have been i n f l u e n c e d  s u b s t a n t i a l l y  by t h e  f a c t  t h a t  t h e  va lues  
were no t  measured s imul taneous ly  a t  t h e  v a r i o u s  wavelengths ( i t
takes 7 seconds t o  scan  t h e  7-15-vm band i n  q u e s t i o n ) .  T h i s  prob
l e m  i s  examined i n  [ l o o ] .  

Reference [12] d i s c u s s e s  t h e  p o s s i b i l i t i e s  of  smoothing s t a 
t i s t i c a l  series compiled from measured ou tgo ing- rad ia t ion  data by
us ing  a u n i v e r s a l  system of  Pearson curves ;  t h i s  makes i t  p o s s i b l e  
t o  exclude the i n f l u e n c e  of  the l i m i t e d  scope of t.he obse rva t ions  
i n  a r r i v i n g  a t  a s t a t i s t i c a l  g e n e r a l i z a t i o n  o f  t h e  measured re
s u l t s .  Each Pearson curve  depends on f o u r  parameters  A I ,  A P ,  MI, 
and M 2  ( o r  E ,  v ,  a, and a ) ,  which a re  s o  s e l e c t e d  as t o  p r e s e r v e  
t h e  f i rs t  fou r  moments of t h e  s t a t i s t i c a l  d i s t r i b u t i o n .  

L e t  us examine t h e  fo l lowing  two Pearson equa t ions  f o r  t h e  
p r o b a b i l i t y  d e n s i t y  f ( x )  of t h e  random v a r i a b l e  & ( t h e  quasimono
chromatic  r a d i a n t  f l u x  expressed  i n  W/cm2*pm): 

Here M i s  t h e  most p robab le  va lue  (mode) o f  random v a r i a b l e  &: 

where x i s  t h e  mathematical  e x p e c t a t i o n  o f  t h e  v a r i a b l e  -x 
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and p, i s  the  second c e n t r a l  moment ( d i s p e r s i o n )  of t he  random 
v a r i a b l e  & 

m. 

and mo i s  t h e  number o f  c a t e g o r i e s . i n t o  which t h e  e n t i r e  r ange  o f  
observed -x-values i s  broken up. 

The q u a n t i t y  p 3  i s  t h e  t h i r d  c e n t r a l  moment, which c h a r a c t e r 
i z e s  the  asymmetry o r  skewness o f  t h e  d i s t r i b u t i o n :  

1 =1 

Here, v 4  i s  t h e  f o u r t h  c e n t r a l  moment of  the random v a r i a b l e  
-x and c h a r a c t e r i z e s  the sharpness  or f l a t n e s s  o f  t h e  peak of  t he  
d i  str i b  u t  i o n ,  

m. 


If p 3  < 0 ,  t h e  nega t ive  r o o t  i s  t aken  as M, i n  Formula ( 2 . 7 ) :  
-

A I f A  2---“:,(ff:2)2+ IS(r3- 1).2 

Ai A? Yo (2.10) 
A, = 1 1Af 2 s y o = x  I 

-41, 

where a = i s  the  root-mean-square d e v i a t i o n  for 5. 

The remaining nomenclature i s  exp la ined  as fo l lows  : 

(2.11) 
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1S-I-r, a>0. 2 2) ==21 (sf-2). (2.11)
(Cont 'd.  ) 

r(x) i s  t h e  gamma f u n c t i o n  o f  t h e  cor responding  arguments,  and N 
i s  the  t o t a l  number o f  s p e c t r a  t o  b e  processed .  ' 

/ l o 5  

For Eq. ( 2 . 2 )  

"2 

( 2 . 1 2 )  


Applying t h e  system o f  formulas  ( 2 . 3 ) - ( 2 . 1 2 )  t o  determine 
the c o e f f i c i e n t s  i n  t h e  Pearson equa t ions  ( 2 . 1 )  and ( 2 . 2 ) ,  t he  
a u t h o r s  o f  [ 1 2 1  ob ta ined  v a l u e s  of t h e  parameters  ( T a b l e  2 . 4 )  from 
Kosmos 45 d a t a  ob ta ined  wi th  t h e  spec t rophotometer  d e s c r i b e d  i n  
$1 o f  t h e  p r e s e n t  c h a p t e r .  Only t h e  7-15-vm (N = 1176)  and 14
26-vm (N = 127.8) r e g i o n s  o f  t h e  spectrum, which are f ree  from 
superposed second-order s p e c t r a ,  were processed .  The measured 
d a t a  p e r t a i n  t o  a wide v a r i e t y  of o b s e r v a t i o n a l  c o n d i t i o n s  (c loud  
cover ,  t i m e  o f  day, l a n d  and sea,  e t c . ) .  

The asterisks ( * )  i n  t h i s  t ab l e  m a r k  t h o s e  s p e c t r a l  r eg ions
f o r  which t h e  Pearson equa t ion  ( 2 . 2 )  was used. I n  these c a s e s ,- . 

m v ,  5, and a are i n d i c a t e d  i n s t e a d  of t h e  parameters  MI, M P ,  A I ,  
and A 2 .  

This  t ab l e  i n d i c a t e s  t h a t  t h e  smallest outgoing  r a d i a n t  f l u x  
va lues  (x and M) and r a d i a t i o n  f l u c t u a t i o n s  ( a )  correspond t o  
emission-bands ( t h e  9.6-vm ozone band and the  15-Pm carbon d iox ide  
band) ,  e s p e c i a l l y  i n  t h e  case  of t he  l a t t e r .  A low l e v e l  o f  
v a r i a b i l i t y  of  t he  outgoing r a d i a t i o n  i s  t y p i c a l  f o r  t h e  long-
wave p a r t  of t h e  spectrum ( A  > 1 4  v m ) .  The outgoing  r a d i a t i o n  
v a r i e s  through a wider  range (maximum a )  i n  t h e  atmospheric  t r a n s 
parency window. I n  t h i s  ca se ,  t h e  d i s t r i b u t i o n  f u n c t i o n  cor re
sponds c l o s e l y  t o  t h e  uniform-densi ty  l a w .  

T a b l e  2 . 5  p r e s e n t s  t h e  r e s u l t s  o f  a s t a t i s t i c a l  a n a l y s i s  o f  
t h e  d a t a  ob ta ined  on t h e  same Kosmos 45 s a t e l l i t e  on 13  September
1964 us ing  the  p u l s e  spec t romete r  [ 5 ] .  

These data conf i rm the  q u a l i t a t i v e  i n f e r e n c e s  t h a t  proceed
from t h e  p reced ing  t a b l e ,  i n d i c a t i n g  s u b s t a n t i a l  v a r i a b i l i t y  of  
t h e  outgoing r a d i a t i o n .  

I n  summarizing the  r e s u l t s  of exper imenta l  s tudy  o f  t h e  out 
going thermal  r a d i a t i o n  f i e l d ,  i t  can b e  s t a t e d  t h a t  t h e  angu la r  
and s p e c t r a l  d i s t r i b u t i o n s  of r a d i a n t  i n t e n s i t y  a re  h igh ly  



TABLE 2.4.  VALUES OF COEFFICIENTS I N  PEARSON EQUATIONS ACCORDING TO SPECTROPHOTO-
METRIC MEASUREMENTS OF THE OUTGOING RADIATION ON KOSMOS 45 

- _I 
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0 
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0
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7 . 4  0,8Y 0,?5 o,w2 1,Ol 1,59 6,09 I ,31 1,57 0,34 
s-9 1,60 0'41 0,li I,@ 3,99 1,56 14,3 19,6 1 ,s9 
9-10 1,54 0,44 0,19 1,53 3,99 46,7 71,8 3,9 6,02 

10-11 1,88 0.55 0 , M  2,1 0,62 1,16 0,57 I ,62 0,s 

11-12 2,07 O& 0,41 2,77 0,55 0,68 0,13 2.1 0,42 

12-13 1.81 0,61 0,37 2.23 0,53 0,52 0,23 1,66 0,72 

13-14 1,45 0,s 0.28 1'32 0,71 3-06 1,25 2,a3 

14-15' 0.i9 0,18 0,034 0,75 0,18 2.98 6.76 0,28 O , , G  

14-16 0.67 0,w a,0082 0,59 6,M 0,W 15,7 0,023 1'52 

16-18 0.93 0.11 0,012 0,95 3 s  13,4 7,04 0,71 0,37 

IS-20' 0.9s 0,12 0,014 1,02 0,4810 47.15 19.81 0.26 1,39 

20-22 034 0,1 0,Ol 0,88 3,94 13,l 2 3  0.93 0,17 

22-24' 0 , s  0,073 0.0053 0.66 4.56 5.74 2.45 0.21 0.7 
2c26r 0.51 0,051 0,0032 0.52 6.85 3.48 1,s 0.11 0.51 



TABLE 2.5. STATISTICAL CHARACTERISTICS OF 
OUTGOING RADIATION (KOSMOS 45, 13 SEPTEM

BER 1 9 6 4 )  
-
 . -. . 

Radiant fluxes ( ~ / m 2 1
radiation 

%@sa of spectrum, p m  

temperature (OK) 4 , 5 4 8  4,5--8,5 8,5-12.5 12,5-38 

Fm,,  320 75 95 165 
F m  in 175 15 25 80 
F 245 45 62 137 

35 14,s 17.5 19.5 

Tr max 275 298 3@4 262 

Tr min 233 240 235 210 

f i  255 277 276 245 

8,8 14.8 17,7 11,7 

4.15 4,05 4.0 4 , s  

. .. . 

4.8 3,9 3,9 4.45 

v a r i a b l e ,  a l though a h igh  degree o f  s t a b i l i t y  i s  c h a r a c t e r i s t i c  
f o r  t h e  average r a d i a t i o n  va lues .  For a c l e a r  sky ,  t h e  outgoing
thermal  r a d i a t i o n  i s  determined by the  v e r t i c a l  d i s t r i b u t i o n s  o f  
tempera ture  and t h e  atmospheric  components tha t  emit t h e  radia
t i o n .  The appearance of c louds works a change i n  t h e  outgoing
r a d i a t i o n  i n  a lmost  a l l  p a r t s  o f  t h e  spectrum (even i n  c e r t a i n  
a b s o r p t i o n  bands) .  

The exper imenta l  data examined above were ob ta ined  w i t h  i n - / i o 6  
s t ruments  of  comparat ively modest angu la r  and s p e c t r a l  r e s o l u t i o n .  
The volume of t h e s e  d a t a  i s  not  y e t  s u f f i c i e n t  f o r  any i n f e r e n c e s  
of  a c l i m a t o l o g i c a l  n a t u r e .  From t h e s e  two a s p e c t s ,  g r e a t  i n t e r 
e s t  a t t a c h e s  to p r e s e n t l y  a v a i l a b l e  r e s u l t s  of t h e o r e t i c a l  calcu
l a t i o n s  of t h e  angu la r  and s p e c t r a l  d i s t r i b u t i o n s  of t h e  outgoing
thermal  r a d i a t i o n .  L e t  us cont inue  now w i t h  a b r i e f  d i s c u s s i o n  
of these r e s u l t s .  

$ 3 .  	RESULTS O F  THEORETICAL CALCULATIONS O F  ANGULAR AND SPECTRAL 
DISTRIBUTIONS OF O U T G O I N G  THERMAL R A D I A T I O N  

The need f o r  s o l u t i o n  o f  a whole series of  impor t an t  a p p l i e d
problems ( i n t e r p r e t a t i o n  of r a d i a t i o n  data from weather  s a t e l l i t e s ,  
t h e  problem of  o r i e n t i n g  s a t e l l i t e s  b y  t h e  i n f r a r e d  c o n t r a s t  a t  
t h e  l i m b  of a p l a n e t ,  e t c .  ) has s t i m u l a t e d  l i v e l y  i n t e r e s t  i n  data 
on t h e  angular  and s p e c t r a l  d i s t r i b u t i o n s  of  t h e  outgoing  thermal  
r a d i a t i o n  f i e l d .  T h i s  e x p l a i n s  t h e  comparat ively l a r g e  number of / l o 7  
papers  t h a t  have been devoted t o  t h e  corresponding c a l c u l a t i o n s  
[64-791. A d e t a i l e d  survey  of t h e  r e s u l t s  can be found i n  [20] .  
Thus w e  s h a l l  l i m i t  o u r s e l v e s  he re  to a very b r i e f  examinat ion,  
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devot ing  most of  o u r  a t t e n t i o n  t o  t he  most r e c e n t  data. 

A n g u l a r  d i s t r i b u t i o n .  A s  t he  exper imenta l  data examined i n  
t h e  preceding  s e c t i o n  imply,  t he  angu la r  i n t e n s i t y  d i s t r i b u t i o n  o f  
t h e  outgoing thermal  r a d i a t i o n  i s  almost  always c h a r a c t e r i z e d  by 
a decrease  i n  i n t e n s i t y  toward the  l i m b  of t h e  p l a n e t  ( t he re  i s  a 
so -ca l l ed  i n f r a r e d  darkening  e f f e c t ) ,  and t h i s  r e s u l t s  from t h e  
decrease  i n  tempera ture  w i t h  i n c r e a s i n g  a l t i t u d e .  The  tempera ture
r i s e  i n  t h e  s t r a t o s p h e r e  produces t h e  oppos i t e  e f f e c t  - i n f r a r e d  
b r i g h t e n i n g  toward the  ho r i zon  - only a t  t he  c e n t e r s  of  very  i n 
t e n s e  a b s o r p t i o n  bands ( f o r  example, t h e  15-pm carbon d iox ide  
band) ,  where the  r a d i a n t  i n t e n s i t i e s  become apprec iab le  even a t  
low concen t r a t ions  of t h e  absorb ing  ( e m i t t i n g )  a tmospheric  compo
nent  and the  i n f l u e n c e  of the tempera ture  i n c r e a s e  w i t h  a l t i t u d e  
"outweighs" t h e  dec rease  i n  t h e  c o n c e n t r a t i o n  of t he  e m i t t i n g  
component. 

Almost a l l  t h e o r e t i c a l  c a l c u l a t i o n s  of  outgoing r a d i a t i o n  
angu la r  d i s t r i b u t l o n  have been made us ing  model s t r a t i f i c a t i o n s  
of  the atmosphere,  and t h i s  endows them w i t h  a c e r t a i n  climato-. 
l o g i c a l  importance.  Thus, f o r  example, D . Q .  Wark, G .  Yamamoto, 
and J.H. Lienesch [74 ]  c a l c u l a t e d  angu la r  d i s t r i b u t i o n s  f o r  106 
models o f  t h e  atmosphere t h a t  covered t h e  f u l l  range of  c l i m a t i c  
c o n d i t i o n s .  

By way of i l l u s t r a t i o n ,  l e t  us examine c e r t a i n  r e s u l t s  c a l 
c u l a t e d  f o r  model atmospheres by K.Ya. Kondrat 'yev and K . Y e .  
Yakushevskaya [64-661. These c a l c u l a t i o n s ,  which were made f o r  
t h e  v a r i o u s  s p e c t r a l  segments l i s t e d  i n  T a b l e  2 . 6 ,  assumed t h r e e  
midseason, m i d d l e - l a t i t u d e  s t r a t i f i c a t i o n s  o f  the  atmosphere : 
equa to r  ( l a t i t u d e  @ = O o ,  summer) and @ = 650 N.  l a t .  (summer and 
w i n t e r ) .  The c a l c u l a t i o n s  p e r t a i n  to cases  of c l o u d l e s s  skies  and 
s o l i d  cloud cover  w i t h  t h e  cloud t o p s  a t  the  3- and 9-km l e v e l s .  

Although t h e s e  c a l c u l a t i o n s  were made f o r  a p o i n t  300 lan 
above t h e  ear th ' s  s u r f a c e ,  they  are  q u i t e  u n i v e r s a l ,  s i n c e  t h e  
convers ion  to t h e  a n g u l a r  d i s t r i b u t i o n  of  outgoing r a d i a n t  i n t e n 
s i t y  U ( e H )  a t  any o t h e r  a l t i t u d e  H ( 8  i s  t h e  n a d i r  a n g l e )  from 
t h e  a n g u l a r  d i s t r i b u t i o n  U ( 0 )  a t  a f i x e d  l e v e l  i s  e a s i l y  accom
p l i s h e d  w i t h  t h e  a i d  of t he  formulas (which are  v a l i d  i n  the ab
sence  of an az imutha l  dependence o f  t h e  outgoing r a d i a t i o n :  

where R = 6371 km i s  t h e  r a d i u s  o f  t h e  ear th .  

The r e s u l t s  o f  t h e  c a l c u l a t i o n s  a r e  p r e s e n t e d  i n  F ig .  2 . 2 1 .  /lo8
I n  these f i g u r e s ,  t he  curves  marked w i t h  t he  le t ters  "s" and "w" 
p e r t a i n  t o  summer and w i n t e r  cond i t ions  a t  65O N .  l a t . ,  and the  
unmarked curves t o  c o n d i t i o n s  a t  t h e  equa to r .  The h o r i z o n t a l  
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arrows a t  the  r i g h t  s ides  of t h e  f i g u r e s  i n d i c a t e  t h e  c lear -sky
r a d i a n t  i n t e n s i t y  a t  the  z e n i t h  ( n a d i r )  a n g l e  subtended by t h e  
l i m b  o f  t he  earth from an  a l t i t u d e  o f  300 k m  ( 0  = 72O45'). 

F igu res  2.21-2.22 c l e a r l y  demonst ra te  t h e  predominance of  t he  /110
darkening  e f f e c t  toward the  ear th ' s  l i m b .  Only i n  a f e w  cases  
(see s p e c t r a l  segments 6 ,  7 ,  and 11, which cor respond t o  zones of 
s t r o n g  a b s o r p t i o n )  do w e  have a d i s t i n c t  i n c r e a s e  i n  r a d i a n t  i n 
t e n s i t y  nea r  t h e  l i m b  of t h e  ear th .  However, a weak b r i g h t e n i n g
e f f e c t  may b e  observed i n  segments 4 and 5 ,  i n  which a b s o r p t i o n
i s  not  as s t r o n g  (and even i n  t h e  8 - 1 2 - ~  t r anspa rency  window) i n  
t he  p resence  o f  unbroken cloudage w i t h  ( 9  k m ) ,  co ld  andhigh  
a r e l a t i v e l y  humid s t r a t o s p h e r e .  

~ 1 . 1 0 ~W/cm2. 
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Figure  2 . 2 1 .  Angular D i s t r i b u t i o n  o f  Outgoing Radiant 
S O >  Summer, equa to r ;  s )  summer, 6 5 O  N.  l a t . ;  w )  w i n t e r ,  
a l t i t u d e  ht = 3 km; 111) ht = 9 km., 
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N a t u r a l l y ,  the  ou tgo ing- rad ia t ion  f i e l d  i s  h igh ly  s e n s i t i v e  
t o  changes i n  c loudage c o n d i t i o n s .  T a b l e  2.7 p r e s e n t s  va lues  of 
the  r a t i o  A =  z9i-i, which c h a r a c t e r i z e s  t h e  s e n s i t i v i t y  o f  ou t 

going r a d i a t i o n  t o  c loudage i n  va r ious  r e g i o n s  of the  spectrum.
H e r e  Us and US)^=^ are t h e  i n t e n s i t i e s  of t h e  outgoing  r a d i a t i o n  
i n  t he  p resence  o f  c louds  w i t h  t o p s  a t  9 km i n  the  d i r e c t i o n  o f  
t h e  n a d i r  ang le  8 and t h e  nad i r ,  r e s p e c t i v e l y ;  UO i s  t h e  outgoing
r a d i a t i o n  i n t e n s i t y  of  a c l o u d l e s s  sky i n  t h e  d i r e c t i o n  8 r e l a t i v e  
t o  the  n a d i r .  

Obviously,  t he  parameter  A c h a r a c t e r i z e s  t he  un i fo rmi ty  of  /111
the  outgoing  r a d i a t i o n  angu la r  d i s t r i b u t i o n  under c o n d i t i o n s  of 
v a r i a b l e  c loudage:  s m a l l  A s i g n i f y  a weak dependence o f  t he  an
g u l a r  d i s t r i b u t i o n  on cloudage c o n d i t i o n s .  A s  w e  see from Table  
2 . 7 ,  t h e  c loud  s e n s i t i v i t y  of t h e  ou tgo ing- rad ia t ion  f i e l d  v a r i e s  
very s t r o n g l y  as a f u n c t i o n  of wavelength.  While A << 1 i n  the  
a b s o r p t i o n  bands ( f o r  example, segments 6 and ll), c loud  cover  
a f f e c t s  the outgoing  r a d i a t i o n  very s t r o n g l y  i n  the  t r anspa rency
windows. N a t u r a l l y ,  t h e  i n f l u e n c e  of cloudage d iminishes  w i t h  i n 
c r e a s i n g  n a d i r  angle .  It i s  a l s o  impor tan t  t ha t  t h e  n e a r  i n f r a 
red i s  more s e n s i t i v e  to clouds t h a n  t h e  f a r  r e g i o n ;  t h i s  i s  be
cause o f  the s t r o n g e r  dependence of t h e  Planck f u n c t i o n  on temper
a t u r e  i n  t h e  n e a r  i n f r a r e d .  T h i s  i s  why t h e  outgoing  r a d i a t i o n  i s  
q u i t e  s e n s i t i v e  to cloudage c o n d i t i o n s  even i n  most of t he  absorp
t i o n  bands a t  X < 1 8  p m  ( d i s r e g a r d i n g  narrow i n t e r v a l s  i n  t he  cen
t e r s  o f  t he  bands ) .  

U.103 w/cm2. sr 

I n t e n s i t y  for S p e c t r a l  Segments 1 -14  (see Table  2 .6 ) .  
60° N .  l a t . ;  I )  c lear  sky;  11) unbroken c louds ,  t o p  
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TABLE 2.6. SPECTRAL INTERVALS STUDIED I N  PAPERS BY K.YA. K0NDRAT'- / l o g-YEV AND K.YE.  YAKUSHEVSKAYA [64, 553 
- .  -

S p e c t r a l  S p e c t r a l  I n t e r v a l  S tud ied  L i m i t s  of .  P r i n c i p a l
Segment S p e c t r a l  Absorbing
No. I n t e r v a l ,  1 Gases 

1 I n t e g r a t e d  r a d i a t i o n  0 -OD 

2 Segment i n  a tmospheric  window 10.55-11.01 
3 6.3-pm water vapor a b s o r p t i o n

band 4.88-8.70 
4 15-pm carbon d iox ide  abso rp t ion

band 12-18 
5 9.6-pm ozone abso rp t ion  band 9.01-10.29 
6 Segment w i t h  very s t r o n g  ab -

s o r p t i o n  

7 Segment w i t h  very  s t r o n g  ab-
s o r p t i o n  41.67-45.45 

8 Segment w i t h  weak abso rp t ion  5.00-5.05 
9 Segment w i t h  weak abso rp t ion  17.86-18.52 
10 Region o f  80-pm water vapor

a b s o r p t i o n  band 18-40 
11 Region o f  80-pm water vapor 

absorp t ion b and 4 0-2 20 

12 Segment i n  atmospheric window 8.70-9 . O 1  

1 3  Same 10.29-12.00 
1 4  11 8.70-12.00 

Data on t h e  cloudage dependence o f  t h e  r a d i a t i o n  f i e l d  and 
i t s  angu la r  s t r u c t u r e  nea r  the l i m b  o f  t h e  p l a n e t  are of  g r e a t
i n t e r e s t  from t h e  s t a n d p o i n t  of  t e c h n i c a l  u t i l i z a t i o n  of informa
t i o n  on the  outgoing thermal  r a d i a t i o n  angu la r  d i s t r i b u t i o n  ( f o r
example, f o r  o r i e n t a t i o n  of  s p a c e c r a f t  w i t h  r e s p e c t  t o  t h e  e a r t h ) .
Ca lcu la t ions  made f o r  t h i s  purpose by  D.Q.  Wark, J .  Alishouse,  and 
G .  Yamamoto [75] i n d i c a t e  t ha t  t h e  outgoing  r a d i a t i o n  i s  most 
v a r i a b l e  on the  d i s k  o f  the  p l a n e t  i n  t he  r e g i o n  o f  maximum at
mospheric t ransparency  (10.5-11.0 pm) (where i t  v a r i e s  from 300 to 
5100 u n i t s ) .  There i s  s i m i l a r  wide v a r i a b i l i t y  i n  the  outgoing
r a d i a t i o n  i n  one of the  r e g i o n s  of s t r o n g e s t  a b s o r p t i o n  (6.56
6.67 pm),  where t h e  r a d i a t i o n  v a r i e s  very s t r o n g l y  as a func t ion  
of temperature  ( i n  t h i s  ca se ,  t h e  Planck f u n c t i o n  i s  p r o p o r t i o n a l  
t o  the  e i g h t h  power of  t empera tu re ) .  

Although abso rp t ion  i s  a l s o  very s t r o n g  i n  t h e  r e g i o n  of  t h e  
water vapor r o t a t i o n a l  band (30.8-33.3 p m ) ,  t h e  v a r i a b i l i t y  of  the  
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TABLE 2.7.  ILLUSTRATING DEPENDENCE OF OUTGOING RADIA
T I O N  ANGULAR DISTRIBUTION ON CLOUDAGE CONDITIONS 

(RATIO A= 	 u o - f f g  ) 
W9)* =0 

- - . 

Boundaries of 
spectral 
segment, pn winter Winter 
I . 

0- 00 0.529 0,317 0,430 0,400 
10,5j-11.01 1,25 1,21 1,64 1.07 
4.88-8.70 1,43 0,495 0,943 1,OS 

12-18 0.350 0,231 0,299 0,313 
9.01-10.29 1,lO 0,818 0.754 
G ,19-6.58 0,210 0 ::21 0,0111 

41,6745.45 0,0277 0 0 0,002 
5,00-5,05 3.73 0,954 2.06 2,80 

17,85--18,52 0,330 0.1'99 0,313 0,444 
18--40 0,278 0,033 0,123 0,171 
40-120 0,0244 0 O.oo02 0,0101 

8,70-9,Ol 1,68 1,48 2,12 1.65 
10,29-.12.00 1 ,m 1.03 1.50 1.18 
8.70---12,00 1.80 0.989 1.33 1,13 
4,88-40,00 0,513 0,3+0 0,451 0.399 
4.88- 120 0,486 0,313 0.407 0,358 

outgoing r a d i a t i o n  i comparative r sma 1 here  (from 9 4 0  t o  1600  
u n i t s ) ,  s i n c e  t h e  Planck f u n c t i o n  i s  p r o p o r t i o n a l  t o  t h e  squa re
of tempera ture  on t h i s  segment of t h e  spectrum. The same a p p l i e s  
to t h e  c e n t r a l  pa r t  o f  t h e  carbon d iox ide  a b s o r p t i o n  band (14.8
15.4 p m ) ,  where t h e  outgoing  r a d i a t i o n  v a r i e s  from 980 t o  2030 
u n i t s  over  t h e  d i s k  of t h e  p l a n e t  and "b r igh ten ing"  i s  always ob
se rved  toward t h e  l i m b .  Thus, t h e  outgoing  r a d i a t i o n  around the  
c e n t e r  of the  15-vm carbon d iox ide  band and the  r o t a t i o n a l  band 
of water vapor i s  most s . u i t a b l e  f o r  l o c a t i o n  of t h e  ear th ' s  l i m b .  

I n  connect ion w i t h  a s tudy  of t h e  p o s s i b i l i t i e s  f o r  o r i e n t a 
t i o n  of s a t e l l i t e s  w i t h  r e s p e c t  t o  t h e  e a r t h  on the basis of t h e  
thermal r a d i a n t  i n t e n s i t y  c o n t r a s t  a t  t h e  l i m b  o f  t h e  p l a n e t  and /112
the  f a c t  t h a t  t h e  most s tab le  c o n t r a s t s  a r e  observed i n  t h e  r e g i o n
of t h e  15-vm carbon d iox ide  band, J . S .  Bates  [82] undertook c a l 
c u l a t i o n s  of t h e  a n g u l a r  d i s t r i b u t i o n  of thermal  outgoing  radia
t i o n  i n t e n s i t y  i n  t h e  13.8-16.7-vm (600-725-cm-l) s p e c t r a l  i n t e r 
v a l ,  which he  d iv ided  i n t o  1 0  narrow segments r ang ing  from 1 0  t o  
20 cm-' i n  wid th .  It was assumed t h a t  the atmosphere i s  90 k m  
t h i c k  and t h a t  carbon d iox ide  i s  the  only absorb ing  and e m i t t i n g  
component. The c a l c u l a t i o n s  were made f o r  two v e r t i c a l  tempera
ture p r o f i l e s ,  one of which i s  t y p i c a l  f o r  low l a t i t u d e s  ( d i s t i n c t
t ropopause ) ,  w h i l e  t h e  o t h e r  t y p i f i e s  h igh  l a t i t u d e s  (almost  i s o 
thermic  lower s t r a t o s p h e r e ) .  

The a n g u l a r  d i s t r i b u t i o n ,  which w a s  r e p r e s e n t e d  i n  the  f o r m  
of the  r a d i a n t  i n t e n s i t y  i n  t h e  d i r e c t i o n  of t h e  t angen t  to t h e  
e a r t h ' s  s u r f a c e  as i t  depends on a l t i t u d e  above t h e  s u r f a c e ,  



demonstrates  the  r a t h e r  s t r o n g  i n f l u e n c e  o f  a tmospher ic  tempera
t u r e  s t r a t i f i c a t i o n  and t h e  l o c a t i o n  o f  t he  s p e c t r a l  segment on 
the  outgoing r a d i a t i o n . - The data  ob ta ined  f o r  a l l  ' t en  segments 
on the  v e r t i c a l  weight ing- func t ion  ( t r ansmiss fon - func t ion  der iva
t i v e )  p r o f i l e s ,  which c h a r a c t e r i z e  t h e  c o n t r i b u t i o n s  o f  va r ious  
atmospheric  layers  t o  t h e  outgoing r a d i a n t  i n t e n s i t y  as f u n c t i o n s  
of  a l t i t u d e  above t h e  ea r th ' s  s u r f a c e  ( v a r i e d  from -30 to +60 km),
i n d i c a t e  tha t  t h e  weight ing  f u n c t i o n s  have a very sharp  maximum 
(peak) f o r  h igh  a l t i t u d e s  above t h e  ear th 's  s u r f a c e ,  a t  a l e v e l  
corresponding t o  t h e  height  of the r ay  above t h e  ear th ' s  s u r f a c e .  
With dec reas ing  a l t i t u d e ,  t h i s  maximum becomes i n c r e a s i n g l y  i n 
d i s t i n c t .  The "sharpness"  of t h e  weight ing  f u n c t i o n  a l s o  depends
s t r o n g l y  on the l o c a t i o n  of  t h e  s p e c t r a l  segment ( a b s o r p t i o n  in 
t e n s i t y ) .  

A s  w e  have a l r e a d y  noted ,  t h e  problem of thermal  s e n s i n g  of 
t h e  atmosphere from s a t e l l i t e s  can,  i n  p r i n c i p l e ,  b e  so lved  
e q u a l l y  w e l l  on the  basis  of e i t h e r  s p e c t r a l  or angu la r -d i s t r ibu 
t i o n  data on t h e  r a d i a t i o n .  However, the  r e s u l t s  examined above, 
which c h a r a c t e r i z e  the  s t r o n g  dependence of  t h e  outgoing r a d i a t i o n  
on cloudage c o n d i t i o n s ,  p r a c t i c a l l y  exclude t h e  use of angular -
d i s t r i b u t i o n  data,  s i n c e  i n  t h e  p re sence  o f  c louds ,  t h i s  d i s+ , r ibu
t i o n  w i l l ,  g e n e r a l l y  speaking ,  be  determined not  s o  much by t h e  
i n f l u e n c e  o f  the  v e r t i c a l  t empera ture  p r o f i l e  as by cloudage con
d i t i o n s .  There i s  no doubt t h a t  cloudage e f f e c t s  w i l l  a l s o  c r e a t e  
s e r i o u s  d i f f i c u l t i e s  i n  i n t e r p r e t i n g  measured data on t h e  s p e c t r a l
composition of t h e  outgoing  r a d i a t i o n .  Only i n  t h e  far  i n f r a r e d  
(wavelengths longe r  t h a n  1 8  pm) i s  the  r a d i a t i o n  f i e l d  p r a c t i c a l l y
independent  o f  c loudage c o n d i t i o n s ,  s i n c e  i t  i s  formed f o r  the  
m o s t ' p a r t  i n  t h e  s t r a t o s p h e r e .  

I n  ou r  a n a l y s i s  of t h e  f a c t o r s  t h a t  de te rmine  the  angu la r
d i s t r i b u t i o n  of  the  outgoing  r a d i a t i o n ,  i t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t  t h e  a b s o l u t e  l a t i t u d e  v a r i a t i o n s  of r a d i a n t  i n t e n s i t y  f o r  
most segments of t h e  spectrum ( f o r  a g iven  s e t  of  cloudage condi- /ll3
t i o n s )  a r e  much s m a l l e r  t h a n  t h e  r a d i a t i o n  changes t h a t  take 
p l a c e  on a t r a n s i t i o n  f rom c l e a r  sky t o  a cloudy sky w i t h  t h e  
cloud tops  a t  an a l t i t u d e  of  9 km. T h i s  f a c t  i s  one more ind ica 
t i o n  of t h e  s t r o n g  dependence of ou tgo ing- rad ia t ion  f i e l d  on 
cloudage c o n d i t i o n s .  

All of these c a l c u l a t e d  r e s u l t s  f o r  t he  outgoing r a d i a t i o n  
angu la r  d i s t r i b u t i o n  have been ob ta ined  wi thout  c o n s i d e r a t i o n  of 
the  azimuth-angle dependence of t h e  r a d i a t i o n .  However, clima
t o l o g i c a l  e s t i m a t e s  made i n  [ 6 4 ]  showed tha t  t h e  az imutha l  depen
dence i s  r e l a t i v e l y  unimportant .  Needless t o  s a y ,  t h e  az imutha l  
dependence may become ve ry  s u b s t a n t i a l  f o r  s p e c i f i c  synop t i c  s i t u 
a t i o n s  i n  which t h e  cloud cover shows s t r o n g  three-dimensional  
"mot t l ing .  I' 

Spectra l  d i s t r i b u t i o n .  There have been comparat ively f e w  
c a l c u l a t i o n s  o f  t h e  s p e c t r a l  d i s t r i b u t i o n  of  t h e  outgoing  thermal 
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r a d i a t i o n  [ 6 6 ,  67, 71, 72, 
741. Data (F ig .  2 . 2 2 )  from 
a pape r  by D.Q. Wark, G .  
Yamamoto, and J.H. Lienesch 
C74l may b e  c i t e d  as an ex
ample of  c a l c u l a t e d  outgoing-
r a d i a t i o n  s p e c t r a  ob ta ined  
w i t h  q u i t e  h igh  wavelength
r e s o l u t i o n .  

C a l c u l a t i o n s  of K . Y e .  
Yakushevskaya C67] have 
shown tha t  w i t h i n  t he  l i m i t s  
of t he  p l a n e t ' s  d i s k ,  the  
r e l a t i v e  s p e c t r a l  d i s t r i b u 
t i o n  of  t h e  outgoing  radia
t i o n  depends s t r o n g l y  on 
cloudage c o n d i t i o n s  and a t 
mo s p h e r i  c s t r a t i  f i  c a t i o n ,  bu t  
i s  v i r t u a l l y  independent  o f  
n a d i r  ang le .  Under t h e  con
d i t i o n s  o f  a co ld  atmosphere
and i n  t he  presence  o f  h igh
c louds ,  we observe  smoothing
of t h e  s p e c t r a l  r a d i a t i o n  
d i s t r i b u t i o n  i n  t h e  wave
l e n g t h  range from 8 t o  1 8  pm
and a s u b s t a n t i a l  i n c r e a s e  
i n  the  importance o f  r a d i a 
t i o n  a t  wavelengths l o n g e r
than  18  pm. The s p e c t r a l
composition o f  t h e  outgoing
r a d i a t i o n  undergoes subs tan
t i a l  v a r i a t i o n s  i n  t h e  range
o f  z e n i t h  ang le s  beyond t h e  
c r i t i c a l  va lue  cor responding  
t o  t h e  d i r e c t i o n  o f  t h e  t an 
gen t  t o  t h e  ea r th ' s  s u r f a c e .  
Here t h e  c o n t r i b u t i o n  of t h e  
12-18, 18-40, and 40-120-pm
reg ions  o f  the  spectrum t o  
t h e  i n t e g r a t e d  r a d i a n t  i n t e n 
s i t y  i n c r e a s e s  s u b s t a n t i a l l y ,
w h i l e  t h e  f r a c t i o n  o f  radia
t i o n  a t  wavelengths s h o r t e r  
t h a n  1 2  u m  - except  f o r  t h e  
9.6-pm ozone band - diminishes  
r a p i d l y ,  amounting t o  less 
t h a n  5% a t  z e n i t h  a n g l e s
l a r g e r  t han  73O10'. T h i s  
means, for one t h i n g ,  t h a t  
t h e  long-wave l i m i t  of t he  

L / / . 7nn  \ 

roo I-

Wave number V IO-'. c m-1 

F i g u r e  2 . 2 2 .  S p e c t r a l  D i s t r i b u 
t i o n  of Outgoing Radia t ion  i n  
D i r e c t i o n  of  Nadir. a )  Clear 
s k y ,  w i n t e r ,  A r c t i c ;  b )  c l e a r  
sky ,  s u m m e r ,  wes te rn  USA; c)
unbroken c louds ,  summer, t r o p 
i c s .  
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i n t e g r a t e d  r a d i a t i o n  cannot b e  pu t  a t  40  p m  f o r  l a r g e  z e n i t h  
a n g l e s ,  as i s  o f t e n  done. 

From t h e  s t a n d p o i n t  of the thermal -sens ing  problem, i n t e r e s t  
a t t a c h e s  t o  K . Y e  Yakushevskaya's c a l c u l a t e d  r e s u l t s  [81] f o r  t he  
c o n t r i b u t i o n s  of t h e  ear th ' s  s u r f a c e ,  c louds  ( t o p s  a t  9-km l e v e l )
and c e r t a i n  l a y e r s  of t h e  atmosphere ( 0 . 3  k m ,  3-9 k m ,  9 k m - a )  t o  
t h e  outgoing thermal  r a d i a t i o n  i n  va r ious  segments of t h e  spectrum
f o r  the  0-72'45' zeni th-angle  range and va r ious  s t r a t i f i c a t i o n s  o f  
t h e  atmosphere. These r e s u l t s  i n d i c a t e  t h a t  i n  t h e  nad i r - ang le  
range below 50°,  t h e  f r a c t i o n  o f  the  r a d i a t i o n  due t o  t he  rad ia t 
i n g  s u r f a c e  o r  s p e c i f i c  a tmospheric  l a y e r s  i s  p r a c t i c a l l y  inde
pendent of  n a d i r  a n g l e .  There i s  acco rd ing ly  no change i n  t h e  
p r o p o r t i o n a l  c o n t r i b u t i o n s  of  r a d i a t i o n  i n  va r ious  segments o f  
t h e  spectrum, e s p e c i a l l y  i n  t h e  case  o f  t h e  i n t e g r a t e d  r a d i a t i o n .  
T h i s  means t ha t  only  l a r g e  z e n i t h  ang le s  can be  used e f f e c t i v e l y
i n  s o l v i n g  t h e  problem o f  a tmospheric  thermal  s e n s i n g  from satel
l i t e s  by t h e  angle-scanning method. I n  t h i s  case ,  however, t h e  
i n f l u e n c e , o f  t h e  h o r i z o n t a l  inhomogeneity o f  t h e  atmosphere may 
b e  rather s t r o n g l y  i n  ev idence ,  and the atmosphere 's  c u r v a t u r e  
must be  t aken  i n t o  account .  

The  p r i n c i p a l  f a c t o r s  de te rmining  t h e  c o n t r i b u t i o n  o f  t h e  
ear th ' s  s u r f a c e  o r  any g iven  l a y e r  of t h e  atmosphere t o  t h e  out
going r a d i a t i o n  at small n a d i r  ang le s  a r e  t he  p o s i t i o n  o f  t h e  
s p e c t r a l  segment cons idered  and t h e  s t r a t i f i c a t i o n  of  t h e  atmos
phere .  Thus, f o r  example, i n  t h e  t r o p i c s  (humid a tmosphere) ,  t h e  
a tmospher ic - rad ia t ion  f r a c t i o n  i s  30% even i n  t h e  most t r a n s p a r e n t  
segment of t h e  spectrum from 10.55 t o  1 1 . 0 1  v m .  The c o n t r i b u t i o n  
of  the  lowermost th ree  k i lome te r s  of t h e  atmosphere i s  g r e a t e s t  i n  
t h e  5.00-5.05 and l7.85-18.52-pm segments of  t h e  spectrum, except
f o r  z e n i t h  ang le s  around 70'. The S r a c t i o n  of  r a d i a t i o n  from the  
3-9-km l a y e r  i s  l a r g e s t  f o r  the 18-40-um i n t e r v a l .  The cont r ibu
t i o n  of  ground-surface r a d i a t i o n  and i n d i v i d u a l  a tmospheric  l a y e r s
depends most s t r o n g l y  on t h e  humidity of t h e  a i r  mass i n  t h e  wings
o f  t h e  l5-pm carbon d iox ide  band. T h i s  makes ev iden t  t he  impor
t ance  of t a k i n g  account  of abso rp t ion  by  wa te r  vapor  i n  t h e  wings
of  t h e  l5-pm band i n  s o l v i n g  t h e  thermal -sens ing  problem by fre
quency scanning.  

Unfortunately , no a c c e p t a b l e  comparisons have as y e t  been 
made between c a l c u l a t e d  and measured ou tgo ing- rad ia t ion  s p e c t r a .
A t  t h e  same t i m e ,  s o l u t i o n  o f  t h i s  problem i s  h i g h l y  impor t an t . '
Comparisons made i n  r e c e n t  yea r s  between c a l c u l a t i o n s  and ground 
measurements of the  atmosphere 's  back r a d i a t i o n  i n d i c a t e  wide d i s 
agreement, which i s  due c h i e f l y  t o  t h e  i m p e r f e c t i o n  o f  t h e  c a l c u l a 
t i o n  methods. 

T h i s  can be i l l u s t r a t e d  by t h e  r e s u l t s  ob ta ined  by F.-W B e r 
t r a m  [83]. The r a d i a t i o n  s p e c t r a  o f  t h e  day and n i g h t  sk ies  were 
measured w i t h  a d i f f r a c t i o n - g r a t i n g  spec t romete r  ( s p e c t r a l  s l i t  
wid th  from 3 t o  5 cm-') f o r  a band ex tending  from 3 . 1  t o  4 . 2  pm 
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nea r  Munich i n  June 1966 and March 1967 and the  corresponding
f i g u r e s  were c a l c u l a t e d .  Temperature, a b s o l u t e  a i r  humidi ty ,
and a e r o s o l  s i z e  d i s t r i b u t i o n  were measured s imul taneous ly .  The 
c a l c u l a t e d  p r o f i l e  o f  t h e  band d i f f e r s  markedly i n  shape from 
t h e  measured p r o f i l e ;  t h i s  can be a t t r i b u t e d  to f a i l u r e  to con
s i d e r  the i n f l u e n c e  o f  s e l e c t i v e  carbon d iox ide  emission.  The / I 1 6
a b s o l u t e  r a d i a t i o n  v a l u e s  a re  a l s o  observed to d i s a g r e e ;  t h i s  can 
be expla ined  by f a i l u r e  t o  cons ide r  a e r o s o l  r a d i a t i o n .  Calcula
t i o n s  of  t he  thermal r a d i a t i o n  due to water vapor and carbon diox
i d e  i n  the  3.7-3.85-vm i n t e r v a l  showed the  c a l c u l a t e d  va lues  to be  
low by f a c t o r s  of  1.3-5.0. Calcu la t ions  based on t h e  hypo thes i s
t h a t  t h i s  disagreement  i s  due e n t i r e l y  to a e r o s o l s  y i e l d e d  aero
sol a b s o r p t i o n  c o e f f i c i e n t s  r e p r e s e n t i n g  3 to 1 0 %  o f  t h e  t o t a l  
a t t e n u a t i o n  c o e f f i c i e n t s .  

Thus, the  data o f  [83] t e s t i f y  to the  e f f e c t  tha t  c a l c u l a t e d  
s p e c t r a l  d i s t r i b u t i o n s  o f  the thermal  r a d i a t i o n  cannot y e t  be  re 
garded as f u l l y  dependable.  
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C h a p t e r  3 

DETERMINATION OF 	TEMPERATURES OF UNDERLYING SURFACE 
AND CLOUD TOPS 

During r e c e n t  y e a r s ,  a s u b s t a n t i a l  amount of r e s e a r c h  has 
been devoted t o  development o f  a method f o r  de t e rmin ing  t h e  t e m 
p e r a t u r e  of  t h e  unde r ly ing  s u r f a c e  or t h e  upper boundary o f  t h e  
cloud cover from ou tgo ing- rad ia t ion  data measured aboard s a t e l 
l i t e s .  

The  p o s s i b i l i t y  o f  de te rmining  t h e  t empera tu re  of t h e  under
l y i n g  s u r f a c e  or t h e  cloud t o p s  from measured outgoing  thermal  
r a d i a t i o n  data i s  determined by t h e  e x i s t e n c e  of  t r anspa rency
windows i n  t h e  atmosphere,  where t h e  ea r th ' s  s u r f a c e  or t h e  c louds 
make t h e  b a s i c  c o n t r i b u t i o n  to t h e  outgoing  r a d i a t i o n .  Informa
t i o n  on t h e  e m i s s i v i t i e s  o f  t he  atmosphere,  t h e  unde r ly ing  s u r 
f a c e , ' a n d  t h e  clouds a r e  of g r e a t  importance f o r  c o r r e c t  i n t e r 
p r e t a t i o n  o f  measured data o f  t h i s  t ype .  

We s h a l l  examine t h e  r e s u l t s  of  r e s e a r c h  i n  t h i s  f i e l d  ex
c l u s i v e l y  on t h e  basis  o f  d a t a  for t h e  o p t i c a l  i n f r a r e d  wavelength
band ( g r e a t  i n t e r e s t  a l s o  a t t a c h e s  t o  t h e  microwave band; s e e  $7 
of  t h i s  c h a p t e r ) .  

$1. 	CERTAIN OPTICAL CHARACTERISTICS OF THE ATMOSPHERE, THE UNDER
L Y I N G  SURFACE, AND THE CLOUDS I N  THE TRANSPARENCY-WINDOW 
R E G I O N S  

1. T h e  a t m o s p h e r e ' s  t r a n s p a r e n c y  w i n d o w s .  F i g u r e  3 . 1  shows 
a tmospher ic  t r anspa rency  as a f u n c t i o n  o f  wavelength acco rd ing  t o  
a e r o s t a t  measurements made by a Leningrad U n i v e r s i t y  team [l] for 
the  3-14-pm wavelength r ange  a t  va r ious  a l t i t u d e s  of t h e  sun ,  
which i s  t h e  ex t r aa tmospher i c  r a d i a t i o n  source .  The fo l lowing
obvious conclus ions  proceed  from t h e s e  data:  1) t h e  underlying-
s u r f a c e  or cloud-top tempera ture  can be  determined by use  o f  1119 
e i t h e r  t h e  t r anspa rency  windows on e t i h e r  s i d e  of t h e  4.3-pm ca r 
bon d iox ide  a b s o r p t i o n  band o r  t h e  broad 8-12-pm t r anspa rency  win
dow ( i n  t h i s  c a s e ,  t h e  p re sence  of  t h e  9.6-pm ozone a b s o r p t i o n
band in t roduces  a c e r t a i n  amount o f  i n t e r f e r e n c e ) ;  2 )  t h e  a b s o l u t e  
t r ansmiss ion  va lues  depend s t r o n g l y  on depth  of atmosphere ( a t  t h e  
same t ime,  t h i s  i m p l i e s  t h e  need t o  cons ide r  t h e  v a r i a t i o n  w i t h  
s i g h t i n g  a n g l e ) .  Even i n  t h e  most weakly absorb ing  segments of 
t h e  t r anspa rency  windows, t h e  a b s o r p t i o n  o f  r a d i a t i o n  by  t h e  f u l l  
t h i c k n e s s  of t h e  atmosphere a t  low sun a l t i t u d e s  (which corresponds 
t o  s l a n t  p a t h s  from t h e  s a t e l l i t e ;  i n  t he  case  cor responding  t o  
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Figure  3 .1 .  Transmission ( $ 1  of I n f r a r e d  
Rad ia t ion  by t h e  Atmosphere a t  Various E l e 
v a t i o n s  Above Sea Level .  

the  lower curve i n  F i g .  2 . 1 ,  a 6 7 . 5 O  n a d i r  a n g l e )  i s  s o  s t r o n g
t h a t  c o r r e c t i o n s  f o r  a t t e n u a t i o n  by t h e  lower atmosphere w i l l  ob
v i o u s l y  be  necessary  i n  de te rmining  t h e  tempera ture  of t h e  r a d i a t 
i n g  s u r f a c e .  On t h e  o t h e r  hand, t h e  e x i s t e n c e  of s t r o n g  absorp
t i o n  i n d i c a t e s  s t r o n g  emiss ion  from t h e  lower atmosphere i n  t h e  
same r e g i o n s  o f  t he  spectrum. I n  a c t u a l i t y ;  t h e r e f o r e ,  we must 
concern o u r s e l v e s  w i t h  c o r r e c t i o n  no t  only f o r  abso rp t ion  (more 
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p r e c i s e l y ,  a t t e n u a t i o n ) ,  b u t  a l s o  f o r  a more complex t ransforma
t i o n  of  t h e  under ly ing-sur face  ( o r  c loudage)  emiss ion  by the  lower 
atmosphere. T h i s ,  i n  t u r n ,  would r e q u i r e  t he  a v a i l a b i l i t y  of  data 

abso rp t ion  and emiss ion  by t h e  f u l l  t h i c k n e s s  of the  atmosphere. 

F igure  3.2.  Logari thmic
Water Vapor Absorption
C o e f f i c i e n t s  According 
t o  K . Y a .  Kondrat 'yev (11,
Anthony ( 2 ) ,  Gebbie e t  
a l .  ( 3 ) ,  Saiedy (41,  and 
I . Y a .  	 Badinov ( 5 )  (see
C41).  

The q u a n t i t a t i v e  a b s o r p t i o n
c h a r a c t e r i s t i c s  o f  t he  atmosghere.'s 
t r anspa rency  windows_ have been t h e  
s u b j e c t  of  many i n v e s t i g a t i o n s  (see
[2, 31).  F igu re  3 .2  p r e s e n t s  the 
r e s u l t s  of a comparison made i n  [ 4 ]
o f  l o g a r i t h m i c  a b s o r p t i o n  c o e f f i 
c i e n t s  ob ta ined  i n  r e c e n t  y e a r s  f o r  
t h e  8-13-pm window. We n o t e  here 
tha t  t h e  p o s s i b i l i t y  o f  de te rmining  
the  a b s o r p t i o n  c o e f f i c i e n t s  kw i s  
determined by  t h e  f a c t  t ha t  an expo
n e n t i a l l y  d e c r e a s i n g  t r a n s m i s s i o n  
f u n c t i o n  Pw = e-kwW approximates t h e  
exper imenta l  data q u i t e  s a t i s f a c t o r 
i l y  i n  t h i s  t r anspa rency  window ( W  
i s  the water-vapor c o n t e n t  i n  the 
t h i c k n e s s  of  t h e  atmosphere expressed
i n  g/cm2, which i s  e q u i v a l e n t  t o  1 cm 
o f  p r e c i p i t a t e d  w a t e r ) .  The ra ther  
wide s c a t t e r i n g  o f  t h e  measured ab
s o r p t i o n  coe f f i c i e n t  s r e s u l t s  bo th  
from d i f f e r e n c e s  i n  t he  obse rva t ion  
cond i t ions  and from s y s t e m a t i c  er
r o r s  of c e r t a i n  data. A s  f o r  t h e  
d i f f e r e n c e s  i n  t h e  o b s e r v a t i o n  con
d i t i o n s ,  an impor tan t  f a c t o r  h e r e  i s  
a e r o s o l  a t t e n u a t i o n ,  which v a r i e s  
s t r o n g l y  as a f u n c t i o n  of a tmospheric  

t u r b i d i t y .  The c o n t r i b u t i o n  of a b s o r p t i o n  by  hydrocarbons and 
n i t r o g e n  oxides  i s  a l s o  h i g h l y  impor tan t  f o r  t h e  n e a r  i n f r a r e d .  

Table  3 . 1  p r e s e n t s  data from [ 4 ]  on t h e  l o g a r i t h m i c  absorp- /120
t iOn c o e f f i c i e n t s  o f  water vapor and compares them w i t h  va lues  
of t h e  r e s i d u a l  o p t i c a l  t h i c k n e s s  T~ o f  t h e  atmosphere (computed /121 
f o r  a u n i t  a i r  mass), which i s  determined b o t h  by the  i n f l u e n c e  
of a e r o s o l  a t t e n u a t i o n  and by a b s o r p t i o n  by m i n o r i t y  components
of  t h e  atmosphere. These data were ob ta ined  b o t h  under a l p i n e
c o n d i t i o n s  w i t h  h igh  atmospheric  t r anspa rency  (Te r sko l  Peak) and 
n e a r  s e a  l e v e l  (Mineral 'nyye Vody, Leningrad)  ; h e r e  i t  i s  impor
t a n t  to no te  tha t  t h e  obse rva t ions  made a t  t h e  two l a t t e r  s t a t i o n s  
were made on days w i t h  r e l a t i v e l y  h igh  t r anspa rency .  Despi te  a l l  
t h i s ,  t h e  r e s i d u a l  o p t i c a l  t h i c k n e s s e s  were found t o  be cons ider 
able.  T h i s  r e s u l t  i s  q u i t e  d i scourag ing  from t h e  s t a n d p o i n t  o f  
c o r r e c t  i n t e r p r e t a t i o n  of measured data on the  outgoing  r a d i a t i o n  
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TABLE 3.1. LOGARITHMIC WATER VAPOR ABSORPTION 
COEFFICIENTS AND R E S I D U A L  OPTICAL THICKNESSES 
OF THE ATMOSPHERE I N  THE INFRARED 

:a (per unit air mass) 
;.. p 

Leningrad 
0- - - 

3.58 

3.70 

x,15

R,.W
8,53 

X,76
H,R6 

n,10 

I O , l A  
10,40
IO,fX2 
10 ,!,2 
1 1 , l l  
11.51 
1 1  ,CJ8 
12.18 
12.72 
12,9; 
1 3,!J5 

by i n t r o d u c i n g  c o r r e c t i o n s  ;hat  t a k e  account  o f  a tmospheric  t h i c k 
n e s s ,  s i n c e  t h e  p r e s e n t l y  J a i l a b l e  data on t h e  atmosphere 's  aero
s o l  composi t ion and i t s  con ten t s  of hydrocarbons and n i t r o g e n
oxides  are t o o  s p o t t y .  

References [5-71 r e p o r t  q u i t e  de t a i l ed  exper imenta l  data on 
t h e  p e c u l i a r i t i e s  of  t h e  v e r t i c a l  a e r o s o l  d i s t r i b u t i o n  a t  a l t i 
tudes  up t o  30 km. They g ive  a de ta i led  a n a l y s i s  o f  t h e  r e s u l t s  
of 1961-1965 measurements of t he  v e r t i c a l  p r o f i l e  of i n t e g r a t e d
d i r e c t  s o l a r  r a d i a t i o n ,  which were made to o b t a i n  in fo rma t ion  on 
t h e  v e r t i c a l  o p t i c a l  inhomogeneity of t h e  atmosphere (and e spec i 
a l l y  o f  i t s  a e r o s o l  l a y e r s ) .  The  atmosphere was found t o  have a 
s t r a t i f i e d  a e r o s o l  s t r u c t u r e .  Thus, acco rd ing  t o  t h e  data for 1 
October 1965, a e r o s o l  l e v e l s  were r e g i s t e r e d  a t  a l t i t u d e s  of 1 2 ,
7-14, 15-17, "19,  21.5-22.5 k m ,  e t c .  An anomalously low va lue  of  
t h e  s o l a r  r a d i a n t  f l u x  w a s  ob ta ined  on t h i s  date  a t  t h e  l e v e l  of 
the sounding c e i l i n g  ( 2 8  k m ) ;  i t  w a s  only 1 . 8 2  cal/cm2-min, i n d i 
c a t i n g  t h e  p re sence  of s t r o n g  a e r o s o l  a t t e n u a t i o n  i n  the  upper
s t r a t o s p h e r e ,  a p p a r e n t l y  as a r e s u l t  of t h e  e r u p t i o n  o f  Taal vol
cano. 

The a e r o s o l  l a y e r s  are u n s t a b l e  and s h o r t - l i v e d  i n  t h e  l a y e r
from t h e  t ropopause  t o  20 km. I n  s e v e r a l  c a s e s ,  t h e  s o l a r  radia
t i o n  a t t e n u a t i o n  maxima co inc ide  w i t h  maxima of ozone concentra
t i o n .  S i m i l a r i t y  between the  v e r t i c a l  p r o f i l e s  o f  a e r o s o l  a t t e n u a 
t i o n  and r e l a t i v e  humidity i s  u s u a l l y  observed i n  t h e  lower s t r a t o 
phere .  
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According t o  data from t e n  a e r o s t a t  a s c e n t s  i n  1963-1965, 
l a y e r s  o f  i n c r e a s e d  a t t e n u a t i o n  of  t h e  d i r e c t  s o l a r  r a d i a t i o n  oc
c u r  i n  the t roposphe re  a t  average  a l t i t u d e s  o f  2-4 k m  and between 
6 and 1 0  k m  (6.0-7.8 km and 3.4-10.3 km); t h i s  corresponds t o  t h e  
l a y e r s  i n  which clouds a re  formed. I n  t h e  lower ' s t r a t o s p h e r e  (up 
to 25 km), a t t e n u a t i n g  l a y e r s  g e n e r a l l y  form a t  t h ree  l e v e l s :  most 
f r e q u e n t l y  above the  t ropopause  (12.3-17.0 k m )  and i n  t he  18.6
22.4-km and 23.2-25.0-km l a y e r s .  The t h i c k e s t  a t t e n u a t i n g  l a y e r s  
are observed below and above the  t ropopause .  The s t r a t o s p h e r i c  /122
l a y e r s  are u s u a l l y  under i n v e r s i o n s .  

T h i s  complex p i c t u r e  of  v a r i a b l e  v e r t i c a l  a e r o s o l  d i s t r i b u 
t i o n  makes i t  much more d i f f i c u l t  t o  a l low f o r  a e r o s o l  a t t e n u a 
tion of  i n f r a r e d  r a d i a t i o n ,  l e a v i n g  approximate estimates p e r t a i n 
i n g  t o  c o n d i t i o n s  of a d e f i n e d  s t a n d a r d  atmosphere as the  only
p o s s i b i l i t y .  The work of  L. Elterman [8]  may be  c i t e d  as an  ex
ample o f  c o n s t r u c t i o n  of  such an o p t i c a l  model of the  s t a n d a r d  a t 
mosphere f o r  t h e  atmospheric  windows i n  t h e  0.4-4.00-pm wavelength
reg ion .  

Unfor tuna te ly ,  t he  o p t i c a l  c h a r a c t e r i s t i c s  o f  a e r o s o l s  i n  a 
c l o u d l e s s  atmosphere have been almost  t o t a l l y  neg lec t ed .  I n  t h i s  
c o n t e x t ,  i n f r a r e d  a b s o r p t i o n  spectrum measurements made by G.B. 
Hoidale  and A.J. Blanco C1411 on samples of  a tmospher ic  d u s t  co l 
l e c t e d  i n  the  ground l a y e r  o f  t h e  atmosphere a r e  q u i t e  i n t e r e s t 
i n g .  

From May 1966 through October 1967, the a b s o r p t i o n  spectrum 
was s t u d i e d  i n  t he  2.5-4.0-pm r e g i o n  f o r  a e r o s o l  samples c o l l e c t e d  
at  fou r  s t a t i o n s  i n  s o u t h  c e n t r a l  N e w  Mexico ( U S A ) .  The samples 
were c o l l e c t e d  on membrane f i l t e r s  mounted 3.5 m above t h e  ground
dur ing  t h e  p e r i o d  from s u n r i s e  t o  s u n s e t  (16-18 h o u r s ) ,  d u r i n g
which 0 . 3  t o  3 mg of  d u s t  s e t t l e d  out '  of an a i r  volume of about  
100  m 3 .  Almost a l l  samples (265 ou t  o f  287) were c o l l e c t e d  a t  a 
s t a t i o n  w i t h  an e l e v a t i o n  of  1311 m above sea l e v e l .  For  compari
son ,  22 samples were t aken  a t  e l e v a t i o n s  of 1 2 2 0 ,  2 4 7 2 ,  and 2730 m. 
To exc lude  t h e  i n f l u e n c e  of s c a t t e r i n g  i n  t h e  a b s o r p t i o n  measure
ments, the  d u s t  p a r t i c l e s  were "packed" i n t o  a "matr ix"  having  t h e  
same index  of r e f r a c t i o n  b u t  h igh  and uniform t r anspa rency  (po ta s 
sium bromide m e t  these r equ i r emen t s ) .  

I n v e s t i g a t i o n  o f  these 265 a b s o r p t i o n  s p e c t r a  showed t h a t  
t hey  a l l  have s imi l a r  f e a t u r e s .  The most i n t e n s e  a b s o r p t i o n  bands 
occur  a t  wavelengths of 7.0, 9 . 7 ,  and 2 1 . 4  Um, w i t h  t h e  9.7-pm
band s t r o n g e s t .  Comparison w i t h  t h e  a b s o r p t i o n  s p e c t r a  o f  va r ious  
mine ra l s  made i t  p o s s i b l e  to i d e n t i f y  t h e  va r ious  bands.  The most 
i n t e n s e  9.6-pm band belongs to s i l i c a t e s  ( i l l i t e ,  mon tmor i l l on i t e ,  
k a o l i n i t e ) .  The  7.0-um band i s  due to ca rbona te s  ( c h i e f l y  c a l 
c i t e ) .  

The d u s t  a b s o r p t i o n  s p e c t r a  showed two k inds  of t i m e  v a r i a 
t i o n :  1) r e d i s t r i b u t i o n  o f  t h e  band i n t e n s i t i e s ;  2 )  s p o r a d i c  
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appearance of bands.  For example, t h e  7.0- and 9.7-vm bands were 
found t o  be s t r o n g l y  v a r i a b l e  ( i n t e n s i t y  r e d i s t r i b u t i o n ) .  T h e i r  
depth  r a t i o  v a r i e s  from 1 t o  1 0 .  On t h e  average ,  t h e  s i l i c a t e  
band i s  more i n t e n s e  than  the  carbonate  band. The occas iona l  
( spo rad ic )  a b s o r p t i o n  bands were weak and of s u l f a t e  o r i g i n  ( s u l 
fates o f  calcium, ammonium, and potass ium) .  The a b s o r p t i o n  spec
tra ob ta ined  from the  data a t  the  f o u r  s t a t i o n s  ( s imul taneous ly
i n  almost a l l  c a s e s )  were found t o  be h igh ly  s i m i l a r .  Only the  
band i n t e n s i t i e s  v a r i e d .  The s p e c t r a  o f  ground s o i l  samples t aken  
at  v a r i o u s  s t a t i o n s  ( p a r t i c l e  s i z e s  about  37 v m )  were i n v e s t i g a t e d  
t o  determine t h e  o r i g i n . o f  t h e  atmospheric  d u s t .  With c e r t a i n  ex
c e p t i o n s ,  these s p e c t r a  were found t o  be  almost i d e n t i c a l  t o  t h o s e  
of t he  atmospheric  . d u s t .  Compounding of " s y n t h e t i c "  d u s t s  t o  
match t h e  rea l  dus t  i n d i c a t e d  t ha t  a mixture  o f  p a r t i c l e s  c o n s i s t 
ing of 80% by weight of s i l i c a t e s ,  16% ca rbona te s ,  and 4 %  n i t r a t e s  
produced the best  r ep roduc t ion  of t h e  r e a l  spectrum. 

The presence  o f  s u b s t a n t i a l  a e r o s o l  a t t e n u a t i o n  i n  t h e  10-11
~.lmwavelength band w a s  c l e a r l y  demonstrated by a i r c r a f t  measure
ments o f  the  ascending  r a d i a n t  f l u x  made by B . A .  Sparkman, G.T.  
Cher r ix ,  and M..S. Tobin [143] ove r  Southern C a l i f o r n i a  w i t h  a 
f ive-channel  r ad iomete r .  I n  t h i s  c a s e ,  t h e  a t t e n u a t i o n  was due t o  
a l a y e r  of haze l y i n g  below 3 k m .  E s t i m a t e s  of t h e  a t t e n u a t i o n  
e f f e c t  i n d i c a t e d  t h a t  f a i l u r e  t o  t a k e  i t  i n t o  account i n  underly
ing-sur face  tempera ture  measurements from s a t e l l i t e s  might lower 
t h e  tempera ture  va lues  by as much as 9 O K .  

J . T .  Pe t e r son  [148] made an i n t e r e s t i n g  s e t  o f  a i r c r a f t  r a d i a 
t o n  soundings over  no r thwes te rn  I n d i a ,  where t h e  atmosphere i s  ex
tremely dus ty  j u s t  be fo re  t h e  monsoon. Simultaneous measurements 
of  t he  v e r t i c a l  r a d i a n t - f l u x  p r o f i l e s  (short-wave and long-wave
r a d i a t i o n ) ,  v e r t i c a l  c o n c e n t r a t i o n  d i s t r i b u t i o n ,  composi t ion,  and 
p a r t i c l e - s i z e  d i s t r i b u t i o n  o f  t h e  a e r o s o l  made p o s s i b l e  a d e t a i l e d  
and q u i t e  r igo rous  s tudy  of  t h e  i n f l u e n c e  o f  a e r o s o l s  on t r a n s f e r  
of long-wave r a d i a t i o n .  Comparison of t h e  o b s e r v a t i o n a l  data  w i t h  
t h e o r e t i c a l  c a l c u l a t i o n s  showed t h a t  t h e  agreement i s  s a t i s f a c t o r y
only when t h e  a e r o s o l  i s  t aken  i n t o  account  ( i n  t h e  case  under con
s i d e r a t i o n ,  t h e  a e r o s o l  c o n s i s t e d  p r i m a r i l y  of qua r t z -dus t  P a r t i 
c l e s  ) . 

N a t u r a l l y ,  a e r o s o l s  i n f l u e n c e  t r a n s f e r  of long-wave r a d i a t i o n  
n o t i c e a b l y  only when they  are p r e s e n t  i n  s u f f i c i e n t l y  h igh  concen
t r a t i o n .  I n  many c a s e s ,  c a l c u l a t i o n s  of  only the  ','gas'' component
of t h e  long-wave r a d i a n t  f l u x e s  agree c l o s e l y  w i t h  experiment .  

For example,. M. Griggs [149] compared the  r e s u l t s  of a i r c r a f t  
measurements and c a l c u l a t i o n s  of  t h e  thermal r a d i a n t  i n t e n s i t y  of  
t h e  ground surface/atmosphere system i n  t h e  8-12-vm t r anspa rency
window.. The a i r c r a f t  measurements were made a t  a l t i t u d e s  r ang ing
from 0.015 t o  6 .40  km above v a r i o u s  unde r ly ing  s u r f a c e s  (ocean,  
s t r a t u s  c louds ,  snow, i c e ,  d e s e r t ) ,w i t h  two i n s t r u m e n t s ,  which had /124
1 8 O  f i e l d s  and were p o i n t e d  a t  t h e  n a d i r :  1) an i n t e g r a t i n g  
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r ad iomete r  f o r  t he  8-14-vm r e g i o n ;  2 )  a F o u r i e r  spec t romete r ,
which measured t h e  s p e c t r a l  d i s t r i b u t i o n  o f  r a d i a t i o n  i n  t h e  6
15-pm wavelength band. 

The r a d i a n t  i n t e n s i t i e s  i n  t h e  5.05-16.67-pm range  were com
pu ted  for t h e  c o n d i t i o n s  of t h e  f l i g h t s .  The i n s t r u m e n t a l  func
t i o n  of t h e  rad iometer  was t aken  i n t o  account  i n  comparing i t s  
d a t a  w i t h  the  c a l c u l a t e d  v a l u e s .  The e n t i r e  t h i c k n e s s  o f  t h e  at
mosphere t h a t  was covered by t h e  measurements was broken up i n t o  
t e n  l a y e r s  for t h e  c a l c u l a t i o n s .  They were a l s o  made for a number 
of l e v e l s  above 6.4 k m  and ex tending  up t o  50 k m  (outgoing  radia
t i o n ) .  The agreement between the  measured and c a l c u l a t e d  radia
t ion- tempera ture  v a l u e s  f o r  t h e  i n t e g r a l  r a d i a t i o n  i n  t h e  t r a n s 
parency window was found t o  b e  q u i t e  c l o s e .  The agreement of 
experiment w i t h  t h e o r y  was less  s a t i s f a c t o r y  when t h e  s p e c t r a  were 
compared, appa ren t ly  f o r  t h e  most p a r t  because of  measurement 
e r r o r s .  

The v e r t i c a l  r ad ia t ion - t empera tu re  p r o f i l e s  t h u s  ob ta ined  
make i t  p o s s i b l e  t o  c h a r a c t e r i z e  t h e  i n f l u e n c e  o f  a tmospher ic
t h i c k n e s s  i n  de t e rmina t ions  of  under ly ing - su r f  a c e  tempera ture
and i n d i c a t e  v a r i a b i l i t y  of  t h e  t r a n s f o r m a t i o n  o f  under ly ing-
s u r f a c e  r a d i a t i o n  by t h e  lower atmosphere.  According t o  measured 
data f o r  t h e  5.49-km l e v e l ,  t h e  r a d i a t i o n  t empera tu re  i s  u s u a l l y
about 4" lower  t h a n  the  t r u e  under ly ing-sur face  t empera tu re .  How
e v e r ,  t h e  o p p o s i t e  s i t u a t i o n ,  i n  which t empera tu re  i n c r e a s e d  w i t h  
a l t i t u d e ,  was a l s o  observed on occas ion .  The t r a n s f o r m a t i o n  o f  
s u r f a c e  r a d i a t i o n  by t h e  l a y e r  of  atmosphere may even b e  q u i t e
s u b s t a n t i a l  a t  O.05-km a l t i t u d e .  

F.F. Hale [ I 4 4 1  c a l c u l a t e d  t h e  a tmospher ic  back- rad ia t ion  
i n  t h e  presence  of  c i r r u s  c louds  200 m t h i c k  f o r  a p a r t i c l e  con
c e n t r a t i o n  o f  5 * lo5 m-', an average  r a d i u s  o f  50 U m ,  and an  
average cloud t empera tu re  of  238°K. These c a l c u l a t i o n s  showed 
t h a t  i n  t h e  presence  of c i r r u s  c louds ,  t h e  back- rad ia t ion  v a r i e s  
s u b s t a n t i a l l y  i n  t h e  8-13-pm t r anspa rency  window, where t h e  com
p l e x  r e f r a c t i v e  index  o f  i c e  v a r i e s  from 1 .17 -0 .0 .3  t o  1.58-0.121. 

V.  Zdunkowski, D. Henderson, and J.V. Hales [331 made theo
r e t i c a l  c a l c u l a t i o n s  w i t h  t h e  o b j e c t  o f  s t u d y i n g  t h e  i n f l u e n c e  
of t h i n  l a y e r s  of c i r r u s  c louds  t h a t  are i n v i s i b l e  t o  t h e  eye on 
t h e  outgoing long-wave r a d i a t i o n ,  cons ide r ing  t h e  fo l lowing  spec
t r a l  i n t e r v a l s :  6-4.5, 8.75-12.25, and 13.5-16.5 pm and t h e  i n t e 
g r a t e d  long-wave ascending  r a d i a t i o n .  It was assumed t h a t  t h e  
haze was formed by a l a y e r  of  s p h e r i c a l  i c e  p a r t i c l e ;  o f  uniform 
s i z e  ( r a d i u s  1 2 0  pm and c o n c e n t r a t i o n  from 5 .0  10' t o  1 . 0  10" 
~ m - ~ )1 km t h i c k ,  and t h a t  i t s  upper boundary w a s  1 k m  below t h e  
t ropopause .  It was assumed i n  t h e  ou tgo ing- rad ia t ion  c a l c u l a t i o n s  
t h a t  t h e  upper boundary of  t h e  atmosphere was a t  45 k m  i n  t h e  p re 
sence  o f  t h e  haze l a y e r .  Reference E331 d i s c u s s e s  t h e  c a l c u l a t e d  
l a t i t u d e  v a r i a t i o n  of t h e  outgoing r a d i a t i o n  a l o n g  80"W. long.  I n  /l25
b o t h  the a b s o r p t i o n  band (wavelengths 6-6.5 p m )  and t h e  
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t ransparency  window (8-12 p m ) ,  t h e  i n f l u e n c e  o f  t h e  haze l a y e r  on 
t h e  outgoing r a d i a t i o n  was found t o  be q u i t e  s u b s t a n t i a l ,  e spec i 
a l l y  a t  p a r t i c l e  c o n c e n t r a t i o n s  above ~ m - ~ .A t  a concentra
t i o n  of  10-1 ~ m - ~ ,t h e  l a t i t u d e  v a r i a t i o n  even r e v e r s e s :  t he  out 
going r a d i a t i o n  dec reases  southward i n s t e a d  o f  i n c r e a s i n g ,  as i t  
i s  observed to do a t  low i c e - p a r t i c l e  concen t r a t ions .  The i n f l u 
ence of  haze on the  i n t e g r a t e d  outgoing r a d i a t i o n  i s  j u s t  as 
s t r o n g ,  as confirmed by a c t i n o m e t r i c  ,sounding data. E s t i m a t e s  
i n d i c a t e d  t h a t  i n v i s i b l e  c i r r u s  c louds may reduce t h e  i n t e g r a l
outgoing  r a d i a t i o n  by about  1 0 % .  When measured d a t a  on t h e  out 
going r a d i a t i o n  i n  the  t r anspa rency  window a r e  used to determine 
under ly ing-sur face  t empera tu res ,  f a i l u r e  to take the  haze i n t o  
account  may lower the  tempera ture  by 3-11' i n  the  case  o f A at r o p i 
c a l  a i r  mass or by 2-3O under w i n t e r  cond i t ions  i n  middle l a t i 
tudes .  It w a s  r e p o r t e d  t h a t  f o r  obse rva t ions  made a t  z e n i t h  
ang le s  from 0 to 45O, the  t r a n s i t i o n  from i n v i s i b l e  to v i s i b l e  
r e f l e c t i o n  from the  clouds takes p l a c e  as t h e  p a r t i c l e  concentra
t i o n  i n c r e a s e s  from 1 . 5  Bo 1 . 5  ~ m - ~ .I n  t h e  i n f r a 
red ,  t h e  t r a n s i t i o n  from p a r t l y  t r a n s p a r e n t  t o  almost b l ack  
clouds takes p l a c e  i n  t h e  10'2-10-1 c o n c e n t r a t i o n  range.
E s t i m a t e s  of t h e  i n f l u e n c e  o f  a s t r a t o s p h e r i c  a e r o s o l  l a y e r  (as
suming t h a t  i t  c o n s i s t s  of  carbon p a r t i c l e s )  i n  t h e  10-30-km a l t i 
tude  range on long-wave r a d i a t i v e  t r a n s f e r  showed no a p p r e c i a b l e
e f f e c t s .  

P.M. Kuhn and V.E. Suomi C321 analyzed t h e  r e s u l t s  of two 
n o c t u r n a l  a c t i n o m e t r i c  soundings made over  a d e s e r t  r e g i o n  ( C a l i 
f o r n i a )  on 20 February 1964 a t  a t i m e  when t h e  sky was c l o u d l e s s  
and t h e  atmosphere ve ry  d r y ,  w i t h  s imul taneous  v i s u a l  o b s e r v a t i o n s  
of  j e t - a i r p l a n e  smoke t r a i l s  a t  an a l t i t u d e  of about 1 2 . 9  k m .  In
dependent under ly ing-sur face  tempera ture  measurements were made 
w i t h  t h e r m i s t o r s  and a ground r ad iomete r .  A s u r f a c e  e m i s s i v i t y  o f  
0.95 was o b t a i n e d  on t h e  basis of comparison of t he  r ad iomete r  and 
t h e r m i s t o r  r e a d i n g s .  Analys is  of  t h e  data  from t h e  f i r s t  a s c e n t  
of t h e  a c t i n o m e t r i c  rad iosonde  r e v e a l e d  t h e  p re sence  of a cont in
uous cloud o r  haze l a y e r  a t  a l t i t u d e s  of 10.5-12.9 k m ;  t h i s  was 
a l s o  confirmed by v i s u a l  o b s e r v a t i o n s  from an a i r p l a n e .  The as
cending r a d i a n t  f l u x  c a l c u l a t e d  f o r  t h e  c e i l i n g  o f  t h e  rad iosonde  
from t h e  sounding data  wi thou t  cons ide r ing  the  haze l a y e r  was 
found t o  be  0 . 0 4 1  cal/cm2*min h i g h e r  t h a n  t h e  measured f l u x .  The 
c a l c u l a t e d  v a l u e s  ag ree  w i t h  t h e  measured va lues  i f  t h e  l a y e r  of  
haze i s  t aken  i n t o  account  and a r e l a t i v e  e m i s s i v i t y  of 0 . 1 1  i s  
used. S i m i l a r  agreement i s  a l s o  observed i f  3.OoC i n s t e a d  o f  t h e  /126
observed 8.7O.C i s  t a k e n  f o r  t h e  under ly ing-sur face  tempera ture ;  
a t  t he  same t i m e ,  t h i s  c h a r a c t e r i z e s  t h e  e r r o r  (5.7') t ha t  can 
a r i s e  i n  de t e rmina t ions  of s u r f a c e  tempera ture  from s a t e l l i t e  out 
going r a d i a t i o n  measurements w i thou t  c o n s i d e r a t i o n  of a e r o s o l -
l a y e r  e f f e c t s .  It i s  noted  t ha t  t he  a i r  tempera ture  i n  t h e  Ste
venson s h e l t e r  w a s  1 2 . 2 O C .  Only r e s i d u e s  of  t h e  t h i n  clouds ob
served  du r ing  t h e  f i r s t  sounding were d e t e c t e d  du r ing  t h e  second 
( l a t e r )  a s c e n t .  
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Figure  3.3.  Absorpt ion o f  Rad ia t ion  i n  3-4
pm Transparency Window. 1) CO2 band ( c e n t e r  
a t  X = 4.06 p m ,  v 1  + v 3 ) ;  2 )  N 2 0  band (X = 
= 4.06 p m ,  V I  + 2 v 2 ) ;  3 )  N 2 0  band (X = 3.90 v m ,  
2 ~ 1 ) ;4 )  N 2 0  band (X = 3.88 pm; 2v1 + v 2 ) ;  5 )
CHI,band ( A  = 3.85 pm, 2v1 , ) ;  6 )  HDO band (X = 
= 3.59 pm, 2 ~ 2 ) ;7 )  N 2 0  band = 3.57 v m ,  
u p  + US); 8 )  CHI,band (X = 3.55 pm, v2 + VI,);
a )  energy d i s t r i b u t i o n  i n  s o l a r  spec t rum ( T  = 
= 6 0 O O O K ) ;  t h e  shaded area c h a r a c t e r i z e s  t h e  
a b s o r p t i o n  of the  solar r ’ a d i a t i o n ;  b )  ’ s o l a r  
spectrum; c )  e f f e c t i v e  s p e c t r a l  s e n s i t i v i t y  
curve o f  h i g h - r e s o l u t i o n  r ad iomete r  c a r r i e d  
on Nimbus I s a t e l l i t e .  

The a tmospheric  t r anspa rency  window i n  t h e  3-4-pm wavelength 
range was i n v e s t i g a t e d  i n  d e t a i l  i n  [g-11,  29, 301. I n  t h i s  case ,  
carbon d i o x i d e ,  methane, and n i t r i c  ox ide  make s u b s t a n t i a l  con
t r i b u t i o n s  to a b s o r p t i o n  a long  w i t h  water vapor .  It i s  impor tan t  
t o  c o n s i d e r  a e r o s o l  a t t e n u a t i o n .  Figure 3.3 g i v e s  a semiquant i ta - / l 27
t i v e  c h a r a c t e r i z a t i o n  o f  . a b s o r p t i o n  i n  t he  3-4-pm window accord ing  
t o  C29, 301. 

To o b t a i n  approximate c a l c u l a t e d  r e s u l t s ,  t h e  a u t h o r s  of 
[ 1 2 ]  used the  a n a l y t i c a l  approximations of t he  t r a n s m i s s i o n  func
t i o n  P given i n  T a b l e  3.2 f o r  v a r i o u s  t r anspa rency  windows. The 
nomenclature i s  as fo l lows  : wH and uo are  the  water 

2 0 ’  wc02 3 .  
vapor ,  carbon d i o x i d e ,  and ozone c o n t e n t s ,  kw i s  t h e  a b s o r p t i o n  
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TABLE 3.2.  APPROXIMATION O F  TRANSMISSION F U N C T I O N S  
FOR VARIOUS ABSORBING SUBSTANCES O F  THE ATMOSPHERE 
I N  VARIOUS REGIONS O F  THE INFRARED 

- __ . 

Interval, Absorbing Approx. of trans. functions 
- Pm subskince 

- 

3-4 Water vapor 

4-5 Water vapor,
Carbon dioxide 

5-8 Water vapor 

8-9,1 Water vapor 

9.1-10,s Nater vapor, 
omne 

10,2- 13 Nater vapor 

13-16 	 Mater vapor,
carbon dioxide 

c o e f f i c i e n t  of water vapor ,  l,,I-;,and I.: a r e  g e n e r a l i z e d  absorp- /129 
t i o n  c o e f f i c i e n t s  ( i n  Elsasser 's  s e n s e )  for water vapor ,  carbon 
d i o x i d e ,  and ozone; p o  and pa, are t h e  ground and average atmos
p h e r i c  p r e s s u r e s ;  0 i s  the  e r r o r  p r o b a b i l i t y  i n t e g r a l .  T a b l e  3 .3  
l i s t s  va lues  of  t h e  g e n e r a l i z e d  a b s o r p t i o n  c o e f f i c i e n t s  for i n t e r 
v a l s  0 . 1  p m  w i d e  i n  t h e  3-18-pm range .  

The i n t r i n s i c  r a d i a t i o n  o f  t h e  atmosphere i n  the  t r anspa rency
windows has been i n v e s t i g a t e d  i n  a whole ser ies  of expe r imen ta l
s t u d i e s  du r ing  r e c e n t  y e a r s .  Data on t h e  s p e c t r a l  and angu la r  d i s 
t r i b u t i o n s  of t h e  outgoing  r a d i a t i o n  are d i scussed  i n  d e t a i l  i n  t he  
monograph [1.13].' 

- . -

'When a source  l i s t e d  i n  t h e  b ib l iog raphy  f o r  a n o t h e r  c h a p t e r  i s  
c i t e d ,  the f i r s t  numeral i n  t h e  b r a c k e t s  i n d i c a t e s  the c h a p t e r
number and t h e  second t h e  r e f e r e n c e  number. 
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TABLE 3.3. GENERALIZED ABSORPTION C O E F F I C I E N T S  
O F  WATER VAPOR, CARBON D I O X I D E ,  AND OZONE FOR 
0.1-pm INTERVALS I N  THE 3-18-pm SEGMENT O F  THE 

'SPECTRUM 
. -..... -. 

Absorption coefficient 

0,iO
0,50 
0,s

0,32 
0.17 
0.14 
0,126 
0,117 
0,110 
0,106 
0,106
0,100

::E 
0.0% 
0.084 
0,083 
0,083 
0,084
0,085 

0,086 
0,057
0,088 
0,089 
0,090
0,092
0,095 
0,098
0,loo 

0,103 
0.101 
0,104 
0,106 
0,115
0,118 
0,125 
0,131 
0,137 
0,141
0,142 
0.145 
0,117 
0,149 
0,153 
0,159
0,IW
0,184 

.. 

. 

2 .  Underlying-surface emiss iv i ty .  Cons ide ra t ion  of t h e  t r u e  
e m i s s i v i t y  of  t h e  unde r ly ing  s u r f a c e  i n  de te rmining  the  s u r f a c e  
tempera ture  i s  impor t an t  f o r  two r e a s o n s :  1) t h e  convers ion  from /l3O
r a d i a n t  f l u x  t o  tempera ture  r e q u i r e s  in fo rma t ion  on t h e  "nonblack
ness' '  o f  t h e  r a d i a t i n g  s u r f a c e ;  2 )  t h e  atmosphere 's  i n t r i n s i c  
emission background depends on t h e  r e f l e c t i v i t y  ( e m i s s i v i t y )  o f  
t h e  under ly ing  s u r f a c e .  G.N. Kostyanoy [13] d e r i v e d  formulas  t h a t  
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- -  _- . . -~ 
Absorption coefficient 1 Absorption coefficient 

. ..).pm 
1110 Cot H P  cot 

~~ - .- . ~. . .  

12,4 0,2w - l5,Z 0,470 4,500 
5 0,216 - 3 0,510 3,2(jO 
6 0,233 - 4 0,540 1,950 
7 0,249 - 5 0,570 0,980 
8 0,2GO - 6 0,600 0,640 

. 9 0,270 7 0,630 0.4.50 
13,o 0,276 0,0013 8 0,670 0,310 

1 0,280 0,0023 .9 0,700 0,220 
2 0,284 0,0044 16.0 0,730 0,150 
3 0,288 0,0101 1 0,770 0,110 
4 0,292 0,0194 2 0,810 0.m 
5 0,296 0,030 3 0,850 0,080 

6 0,203 4 0,910 0,060 

7 0,300 8% 5 0,970 
8 0,303 0,120 6 0,020 ::3 
9 0,307 0,190 7 1,110 0,025 

14,o 0,313 0,290 8 1,170 0,016 
1 0,320 0,420 9 1,230 0,0076 
2 0,325 0,630 17.0 1,.No 0,0030 
3 0 ,'340 0,910 1 1,380 0,0016 
4 0,360 1,290 2 1,450 0,0010 
5 0,360 1,890 3 1,500 0,0008 
6 0,370 2,760 4 1,600 
7 0,380 4,170 5 1,650 ::E 
8 0,400 6,280 6 1,720 o.oo01 

9 0,410 6,610 7 1,800 

15,0 0,4.30 5,950 8 1 .'M3 !:E 
1 0.450 5,350 9 1,980 0,OOOI 

d e f i n e  t h e  ascending  i n t e g r a t e d  long-wave r a d i a n t  f l u x  i n  t he  a t 
mosphere w i t h  c o n s i d e r a t i o n  of under ly ing-sur face  e m i s  si v i  t s  f o r  
t he - cases  o f  d i f f u s e  and s p e c u l a r  r e f l e c t i o n .  These formulas were 
used t o  estimate t h e  c o n t r i b u t i o n  of  r e f l e c t e d  r a d i a t i o n  f o r  var 
i o u s  s t r a t i f i c a t i o n s  o f  t h e  atmosphere;  t h e  r e s u l t s  i n d i c a t e d  t ha t  
t h e  f r a c t i o n  of r e f l e c t e d  r a d i a t i o n  i n  t h e  ascending r a d i a n t  f l u x  
d iminishes  beginning  a t  an a l t i t u d e  of t h e  o r d e r  of a f e w  t e n s  of 
meters, and t h a t  t h i s  dec rease  i s  s t r o n g e r  i n  t h e  case  of d i f f u s e  
r e f l e c t i o n .  Above 300-500 m ,  t h e  c o n t r i b u t i o n  of r e f l e c t e d  r a d i a 
t i o n  i s  n e a r l y  c o n s t a n t  a t  20-40% f o r  100% ( s p e c u l a r )  r e f l e c t i o n  
or 10-30% ( d i f f u s e  r e f l e c t i o n )  of t h e  ascending r a d i a n t  f l u x  cor
responding  t o  a n  a b s o l u t e l y  b l ack  under ly ing  s u r f a c e .  Under r e a l  
c o n d i t i o n s ,  when t h e  a lbedo  i s  about  lo$, t h e  c o r r e c t i o n  f o r  t he  
r e f l e c t i v i t y  o f  t h e  under ly ing  s u r f a c e  does not  exceed 4% (specu
lar r e f l e c t i o n )  o r  3% ( d i f f u s e  r e f l e c t i o n ) .  Consider ing t h e  
modest accuracy o f  present-day methods f o r  measuring long-wave
r a d i a t i o n ,  t h i s  would imply t h a t  t he  r e f l e c t i o n  c o r r e c t i o n  can b e  
d i s r e g a r d e d  f o r  a l l  p r a c t i c a l  purposes  ( D .  Lorenz a r r i v e d  a t  the  
same conc lus ion  [34, 135, 1463). However, t h e  s i t u a t i o n  may no t  
be  as s imple  i n  c a l c u l a t i o n s  of t h e  s p e c t r a l  r a d i a n t  f l u x e s .  I n  
o c c a s i o n a l  c a s e s  i n  which t h e  a lbedo  i s  l a r g e  enough, i t  may be 
necessary  t o  take r e f l e c t i o n  i n t o  account .  

As concerns d i r e c t  a l lowance f o r  s u r f a c e  nonblackness i n  t he  
convers ion  from measured r a d i a n t  f l u x  t o  tempera ture ,  i t  i s  t h e  



r e l a t i v e  s t a b i l i t y  of  e m i s s i v i t y  t h a t  i s  impor tan t  here.  

According t o  W.A. Hovis C14, 15,  31, 1331 and M. Griggs [139],
who measured the  r e f l e c t i v i t i e s  of  va r ious  m i n e r a l s  and n a t u r a l  
under ly ing  s u r f a c e s  i n  the wavelength range  from 0 . 5  t o  22  pm, r e 
f l e c t i v i t y  i s  s t r o n g l y  s e l e c t i v e  i n  a l l  cases ,  and v a r i e s  w i t h  t h e  
n a t u r e  o f  t h e  r e f l e c t i n g  s u r f a c e .  The 10-12-vm i n t e r v a l  i s  most 
s u i t a b l e  f o r  r a d i o m e t r i c  sur face- tempera ture  de t e rmina t ions  , s i n c e  
i t  l i e s  i n  a t r anspa rency  window of  t he  atmosphere and t h e  re la
t i v e  e m i s s i v i t y  of  t h e  s u r f a c e s  i s  comparat ively c o n s t a n t  and nea r  
u n i t y  i n  t h i s  i n t e r v a l .  

To i n v e s t i g a t e  t he  f a c t o r s  tha t  determine t h e  e m i s s i v i t i e s  of  
n a t u r a l  s u r a a c e s ,  J . E .  Cone1 C1451 made l a b o r a t o r y  measurements 
and c o n s t r u c t e d  t h e o r e t i c a l  models of t h e  thermal  r a d i a t i o n  from /l3l
var ious  powdered media. Another proposed a p p l i c a t i o n  of t h e  re
s u l t s  i s  use  o f  emiss ion  spec t roscopy i n  t h e  8-14-vm t r anspa rency
window of t h e  ea r th ' s  atmosphere f o r  p e t r o g r a p h i c  s tudy  of t he  
moon and Mars, s i n c e  t h e  i n f r a r e d  t h e r m a l - r a d i a t i o n  s p e c t r a  o f  
cont inuous and powdered s i l i c a t e s  depend on composi t ion,  s u r f a c e  
roughness , and p a r t i c l e  s i z e .  

The r e s u l t s  of  t h e  foregoing  s t u d i e s  showed t h a t  t h e  emiss ion  
spectrum becomes more and more s t r u c t u r e l e s s  w i t h  dec reas ing  pa r 
t i c l e  s i z e  ( f o r  example, i t  l o s e s  s t r u c t u r e  completely i n  t h e  case  
of A 1 2 0 3  a t  p a r t i c l e  diameters smaller t h a n  0 . 0 2  v m ) .  I n  t h i s  
c o n t e x t ,  t he  emission s p e c t r a  o f  f i l m s  of powdered s i l i c a t e s  
(about  30 p m  t h i c k )  o f  v a r i o u s  compositions were s t u d i e d  i n  t h e  
l a b o r a t o r y .  Measurements were made w i t h  a Beckmann spectrophotom
e t e r  f i t t e d  w i t h  a n  a u x i l i a r y  r a d i a t i o n  source  and a c a l i b r a t i o n  
b l a c k  body. Specimen tempera tures  were v a r i e d  from 400 t o  45O0K. 

Analysis  of t h e  measured data made it  p o s s i b l e  f o r  t h e  f i r s t  
t i m e  t o  d e t e c t  broad emiss ion  minima n e a r  f r e q u e n c i e s  where s t r o n g
a b s o r p t i o n  occurs  and emiss ion  maxima i n  r e g i o n s  of  anomalous d i s 
pers \ ion  (where t h e  r e a l  p a r t  of t h e  complex r e f r a c t i v e  index  ap
proaches u n i t y ) .  I n  t h e  case  o f  c e r t a i n  b a s i c  and u l t r a b a s i c  
rocks  i n  the  powdered s t a t e  ( a t  micron p a r t i c l e  s i z e s ) ,  t h e s e  
s p e c t r a l  f e a t u r e s  may dominate, caus ing  t h e  spectrum t o  d i f f e r  
from t h a t  determined by t h e  c h a r a c t e r i s t i c  bands o f  " r e s i d u a l "  
r a y s .  

To e x p l a i n  t h e  observed phenomena, Reference [145] proposes  a 
t h e o r e t i c a l  model o f  t h e  emiss ion  s p e c t r a  of  powdered subs t ances  
i n  t h e  form of t h e  spectrum o f  a s e m i i n f i n i t e  c loud c o n s i s t i n g  o f  
s c a t t e r i n g  and absorb ing  p a r t i c l e s .  T h e  s p e c t r a l  emiss ion  rea
t u r e s  are determined i n  t h i s  case  c h i e f l y  by t h e  dependence o f  
p a r t i c l e  a lbedo  on p a r t i c l e  s i z e  ( e m i s s i v i t y  a l s o  depends on t h e  
asymmetry o f  t h e  s c a t t e r i n g  i n d i c a t r i x ) .  

A d e t a i l e d  a n a l y s i s  of t h e  data f o r  q u a r t z  i n d i c a t e d  t h a t  t h e  
theo ry  e x p l a i n s  t h e  exper imenta l  r e s u l t s  q u i t e  w e l l ;  f o r  example, 
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i t  was found tha t  t h e  d i s t r i b u t i o n  o f  tempera ture  i n  t h e  powder
l a y e r  i s  of no s u b s t a n t i a l  importance.  Thus, t he  change i n  t h e  
emission s p e c t r a  of powdered s o l i d s  w i t h  p a r t i c l e  s i z e  should  be 
a t t r i b u t e d  p r i m a r i l y  t o  t h e  dependence o f  p a r t i c l e  a lbedo and 
s c a t t e r i n g - i n d i c a t r i x  asymmetry on p a r t i c l e  dimensions.  It w a s  
a l s o  shown t h a t  the fundamental  C h r i s t i a n s e n  f r equenc ie s  ob ta ined  
by measuring t h e  t r a n s m i s s i o n  o f  s i l ic .a te-powder  f i l m s  have d iag
n o s t i c  v a l u e  f o r  s tudy  o f  minera ls  and correspond t o  t h e  emissiv
i t y  maxima o f  t he  powders ( these  conclus ions  are i l l u s t r a t e d  by
the  data f o r  q u a r t z ) .  

T a b l e  3 .4  p r e s e n t s  a summary o f  t h e  e m i s s i v i t i e s  measured 
i n  t h e  8-12-pm t r anspa rency  window accord ing  t o  [16-18, 1 4 2 1 .  We 
no te  t h a t  t h e  a u t h o r s  of  [19 ]  performed e x t e n s i v e  c a l c u l a t i o n s  o f  
t h e  s p e c t r a l  and angu la r  d i s t r i b u t i o n s  o f  t h e  e m i s s i v i t y  of  water. 

Reduction of  ou tgo ing- rad ia t ion  measurements ob ta ined  i n  t he  
8-12-pm t r anspa rency  window from t h e  T i r o s  I11 s a t e l l i t e  [18] gave 
an e m i s s i v i t y  very  c l o s e  t o  u n i t y  f o r  t he  s u r f a c e  of t h e  Mediter
ranean Sea.  According t o  o b s e r v a t i o n s  made above t h e  Sahara, t h e  
e m i s s i v i t y  there  v a r i e s  from 0.79 t o  1 . 0 0 .  

Analys is  of' t h e  r e f l e c t i v i t y  v a r i a t i o n s  o f  t h e  under ly ing
s u r f a c e  i n  t h e  3.4-4.2-pm t ransparency  window accord ing  t o  a i r 
c r a f t  measurements showed C151 t h a t  t h i s  v a r i a b i l i t y  i s  no ob
s t a c l e  t o  de t e rmina t ion  of under ly ing-sur face  tempera ture  w i t h  
adequate  r e l i a b i l i t y .  

H.  A r l t  and H . - J .  B o l l e  C931 r e c e n t l y  completed e x t e n s i v e  
l a b o r a t o r y  measurements of t h e  angu la r  and s p e c t r a l  dependences / I33
of e m i s s i v i t y  f o r  v a r i o u s  n a t u r a l  format ions  ( sand ,  w a t e r ,  humus, 
a s p h a l t ,  wood, e t c . ) .  The p r i n c i p a l  conclus ion  t o  be  drawn from 
t h e  r e s u l t s  of these measurements i s  t h a t  s u b s t a n t i a l  d e v i a t i o n s  
from i s o t r o p i c  r e f l e c t i o n  ( L a m b e r t ' s  l a w )  a re  observed,  e s p e c i a l l y
i n  t h e  case  of  h i g h  r e f l e c t i v i t i e s .  T h i s  f a c t  w i l l  undoubtedly
complicate  c o r r e c t  allowance f o r  t h e  e m i s s i v i t i e s  of n a t u r a l  s u r 
f a c e s .  On t h e  o t h e r  hand, t h e  s p e c i f i c  n a t u r e  of  t h e  ang le  de
pendence of  r e f l e c t i o n  ra ises  t h e  q u e s t i o n  as to t h e  p o s s i b i l i t y
of i d e n t i f y i n g  s u r f a c e s  from data on t h e  n a t u r e  of  t h e  r e f l e c t i o n  
a n i s o t r o p y .  

Study of t h e  r e f l e c t i v i t i e s  of  d i s p e r s e d  media ( sand ,  e t c . )
showed a s t r o n g  dependence on p a r t i c l e  s i z e  ( m i c r o s t r u c t u r e ) .  

3. E m i s s i v i t y  o f  c l o u d s .  Only very few exper imenta l  s t u d i e s  
have t h u s f a r  been made of c loud e m i s s i v i t i e s .  The most de t a i l ed  
t h e o r e t i c a l  c a l c u l a t i o n s  of r a d i a t i v e  t r a n s f e r  i n  c louds have been 
made by Ye.M. Feygel ' son  [ 2 0 ] .  T a b l e  3 .5  p r e s e n t s  t he  r e s u l t s  o f  
Y e . M .  Feyge l ' son ' s  c a l c u l a t i o n s  of t h e  albedo o f  s t r a t u s  c louds 
as a f u n c t i o n  of wavelength ( f o r  v a r i o u s  segments of the  spectrum),
the  water con ten t  pv of t he  c loud ,  c loud tempera ture  4, and a 
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TABLE 3.4. MEASURED EMISSIVITIES  6 I N  R E G I O N  O F  8-12-pm TRANSPAR
ENCY WINDOW (EMISSIVITY EXPRESSED A S  A F R A C T I O N  O F  U N I T Y )  

.. 

S u r f a c e  'I 6 - I1 Sur face  
- .  

F i n e  d r y  sand  0.949 
Fine sand ,  thoroughly

moistened 0.962 
Sandy loam, d r y  0.954 
Sandy loam, thoroughly

moistened 0.968 
Dry peat 0.970 
Thoroughly moistened peat 03083 
Thick  g reen  grass 0.986 
Patchy g r e e n  grass on 

m o i s t  sandy loam 0.975 
P ine  need le s  0.971 
F r e s h l y  f a l l e n  snow 0.986 
D i r t y  snow 0.969 
Melt ing snow 0.995 
I c e  0.980 
Dry snow, -2.5OC 0.996 

._ - -~ 
Wet snow, O°C 0.997 
Q u a r t z  0.712 
G r a n i t e  0.815 
Rough g r a n i t e  0.898 
Feldspa? 0.870 
O b  sid ian 0.862 
Rough o b s i d i a n  0 837 
Basalt 0.904 
Rough basal t  0.934 
Dunite  0.856 
Rough d u n i t e  0.892 
Dolomit e 0.929 
Rough dolomi te  0.958 
Dolomit e ,  f ragments  

( 0 . 5  cm) 0.959 
Q u a r t z  sand ,  c o a r s e  0.914 
Same, moistened w i t h  water 3.936 
Pure water 9.993 
Water coa ted  w i t h  f i l m  of 

motor o i l  3.972 

c o e f f i c i e n t  c1,  which c h a r a c t e r i z e s  t h e  shape o f  t h e  s c a t t e r i n g
i n d i  c a t r i x .  

It fo l lows  from t h i s  t ab l e  t h a t  a lbedo  depends q u i t e  s t r o n g l y  
on t h e  shape of t h e  s c a t t e r i n g  i n d i c a t r i x .  Usual ly ,  t h e  c o e f f i 
c i e n t  c1 v a r i e s  from 0 . 5  t o  3.0. A r e d u c t i o n  of  t h e  a lbedo  by
about  ha l f  corresponds t o  t h e  i n c r e a s e  i n  C I  i n  t h i s  r ange .  There 
i s  a d i s t i n c t  dependence o f  a lbedo on wavelength:  maximum r e f l e c 
t i v i t y  i s  observed i n  t h e  8-12-pm t r anspa rency  window. N a t u r a l l y ,  
t h i s  i n d i c a t e s  t h e  s u b s t a n t i a l  nonblackness  o f  t h e  thermal radia
t i o n  from s t r a t u s  c louds .  Another p rope r ty ,  o f  t h e  a lbedo  f o r  t h e  
8-12-pm t r anspa rency  window i s  the  f a c t  t h a t  i t  i s  p r a c t i c a l l y  i n 
dependent o f  water c o n t e n t  and tempera ture .  I n  o t h e r  s p e c t r a l
i n t e r v a l s ,  a l b e d o  i n c r e a s e s  w i t h  i n c r e a s i n g  water c o n t e n t  and de
c l i n i n g  tempera ture .  S ince  t h e  a lbedo  seldom exceeds 15% i n  a l l  
r e g i o n s  o f  t h e  spectrum o t h e r  t h a n  t h e  8-12-pm window ( f o r  t > 
-> - 1 O O C  and a water c o n t e n t  pv 2 0 . 1  g / m 3 ) ,  t h e  s t r a t u s  cloud-may 
be regarded i n  approximat ion  as a b l a c k  body i n  these i n t e r v a l s .  
However, t h i s  i n f e r e n c e  w i l l  r e q u i r e  improvements when w e  con
s i d e r  segments of  t h e  spec t rum narrower t h a n  t h o s e  cons idered  i n  
T a b l e  3.5. 

These improvements are ca l led  f o r  by  t h e  h i g h l y  s e l e c t i v e  
r e f l e c t i v i t i e s  o f  c louds ,  which a re  e v i d e n t  from Tables  3.6 and 
3.7,  where w e  have l i s t e d  8-12-pm and 3-4-pm transparency-window 
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TABLE 3.5. ALBEDO O F  A STRATUS CLOUD I N  THE 
INFRARED -(IN FRACTIONS O F  UNITY) 

~ 1 ~ 0 . 5  
16-20 pm 

0 0,2041 0,09 0,10 0.12 
-5 0,2252 0,lO 1 0.11 I 0.12 

-10 0.2424 0.10 0,12 0.12 
20-24 p m  

0 0,27 0.10 

-10 o,n 0.10 0,13 
24-28 pm 

0 0.11 0.05 0,08 
-5 0.11 

-10 0.11 0.08 
c1-L 

0 0.08 
4-8 p m  I 

0.08 
i 6 2 o  pm 

-5 
-10 0,11 

-5 o , n  

8-12 pm 20-24 pm 

12-16 pm I 
0 

--5 
-10 

4-2 

4-8 pm I 16-20 p m  
0 

-5 
-10 

8-12 pm I 
0.07 

20-24 pm 
0,08 

0 0*06
-5 0,07 

-10 0,08 
12-36 pm 24-28 pm 

0 0,07 
-5 

--I0 0.07 

0 0.15 0,15 
-5 

-10 

CI" 2 5  
4-8 pm 16-20 pm 

0 
-.-5 

0,11
0,12. 

0,04
0.04 

0.06 
0.06 

-10 0.10 0.14 0.04 0.06 
8-12 p m  20-24 pm

I ::it 
12-16 pmt 24-28 p m  

0 
-5 

-10 



TABLE 3.6. ALBEDO OF TABLE 3.7.  ALBEDO OF 
A STRATUS CLOUD I N  A STRATUS CLOUD I N  
THE 8-12-pm TRANSPAR- THE 3-4-pm TRANSPAR
ENCY WINDOW OF THE ENCY WINDOW OF THE 
ATMOSPHERE ATMOSPHERE 
A, vm 8 9 10 11 1 2  

A ,  % 4 1  1 8  1 2  5 5 

a l b e d o s  c a l c u l a t e d  by Y e . M .  Feygel ' son  f o r  a water c o n t e n t  o f  
0.2 g/cm2 and v a r i o u s  tempera tures  ( f o r  t h e  3-4-pm window). 

Using t h e  Monte Car lo  method, G . W .  Kattawar and G . N .  Plass 
[147] made de ta i led  c a l c u l a t i o n s  o f  t h e  r a d i a t i o n  f i e l d s  of sun-

/I35 
l it  clouds and haze i n  t he  nea r  i n f r a r e d  ( f o r  s e l e c t e d  wavelengths
from 1.07 t o  6.05 p m ) .  The a n g u l a r  r a d i a n t  i n t e n s i t y  and r a d i a n t  
f l u x  d i s t r i b u t i o n s  a t  t h e  boundar ies  of t h e  c loud  or  haze  l a y e r s  
were c a l c u l a t e d  f o r  va r ious  s c a t t e r i n g  i n d i c a t r i c e s ,  o p t i c a l
t h i c k n e s s e s ,  m i c r o s t r u c t u r e  models, unde r ly ing - su r face  a lbedos ,  
and ang le s  o f  s u n l i g h t  i n c i d e n c e .  It was shown t h a t  f o r  weak 
a b s o r p t i o n  ( f o r  example, f o r  t h e  1.7-pm wavelength) ,  t h e  cloud 
albedo i n c r e a s e s  r a p i d l y  w i t h  i n c r e a s i n g  o p t i c a l  t h i c k n e s s  from 
0 . 1  t o  1 0 . 0 .  For i n t e r v a l s  o f  s t r o n g  a b s o r p t i o n  ( f o r  example,
around 2.96 p m ) ;  there  i s  p r a c t i c a l l y  no dependence on t h e  o p t i c a l
t h i c k n e s s  T f o r  T > 1. Cloud albedo ( a t  ze ro  unde r ly ing - su r face
a lbedo)  v a r i e s  i n  t h i s  r e g i o n  of  t h e  spectrum from 0.00035 ( A  = 
= 2.8 pm, T = 0 . 1 ,  s u n l i g h t  i n c i d e n c e  a n g l e  1 ? ~ = 0 )t o  0.685 (A = 1136 

c 0 ~ ~ ~ = 0 , 1 5 ) .= 1 . 7  vm,  t - ~ ~ ;  T h e  a lbedo of  haze w a s  found t o  be 
h i g h e r  t h a n  tha t  o f  c louds ,  s i n c e  a more e longa ted  s c a t t e r i n g  i n 
d i c a t r i x  was assumed f o r  haze .  

G .  Yamamoto, M .  Tanaka, and K .  Kamitani C22, 911 made a c i r 
c u m s t a n t i a l  t h e o r e t i c a l  s tudy  of r a d i a t i v e  h e a t  t r a n s f e r  i n  t h e  
r e g i o n  of t h e  8-12-vm atmospheric  t r anspa rency  window ( t a k i n g  1 0  
vm as the  r e f e r e n c e  wavelength)  i n  water c louds .  The model o f  
c loud  m i c r o s t r u c t u r e  and in fo rma t ion  on t h e  s c a t t e r i n g  i n d i c a t r i x  
of the d r o p l e t s  and t h e  r a t i o  of s c a t t e r i n g  c o e f f i c i e n t  t o  a t t e n u 
a t i o n  c o e f f i c i e n t  were borrowed from t h e  work o f  D .  Dermendzhan. 
The cloud i s  r ega rded  as i s o t h e r m a l  and homogeneous, and t h e  radi
a n t - f i e l d  i n t e n s i t y  as independent  of azimuth a n g l e .  The i n f l u 
ence o f  water  vapor  on r a d i a t i v e  t r a n s f e r  i n  t h e  cloud i s  assumed 
t o  be n e g l i g i b l e  and i s  t aken  i n t o  account  ( i n  t h e  case  of semi
t r a n s p a r e n t  c louds )  only i n  t h e  l a y e r  of atmosphere between t h e  
ear th ' s  s u r f a c e  and t h e  lower boundary of t h e  c loud .  

The r e s u l t s  o f  c a l c u l a t i o n s  f o r  t h e  10-pm wavelength i n d i c a t e  
t h a t  i n  t h e  case  o f  a t h i n  cloudage l a y e r  ( o p t i c a l  t h i c k n e s s  O.l), 
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t h e  outgoing r a d i a n t  i n t e n s i t y  a t  t h e  cloud-top l e v e l  i s  d e t e r 
mined c h i e f l y  by r a d i a t i o n  p a s s i n g  through t h e  cloud from below 
and dec reases  w i t h  i n c r e a s i n g  z e n i t h  ang le  ( i n  a "darkening" ef
f e c t  nea r  the h o r i z o n ) .  T h i s  e f f e c t  i s  most d i s t i n c t  a t  a c loud  
o p t i c a l  t h i c k n e s s  o f  1 . 0  ( a l though  t h e  c o n t r i b u t i o n  of c loud 
r a d i a t i o n  n a t u r a l l y  i n c r e a s e s  i n  t h i s  c a s e ) .  When the  o p t i c a l
t h i c k n e s s  r eaches  1 0 ,  there  i s  p r a c t i c a l l y  no t r a n s m i t t e d  radia
t i o n ,  and the  r a d i a t i o n  f i e l d  i s  almost  i s o t r o p i c .  A "br ighten
ing"  e f f e c t  i s  a l w a y s  observed f o r  t h e  descending r a d i a n t  i n t e n 
s i t y  a t  cloud-bottom l e v e l ;  i t  dec reases  w i t h  i n c r e a s i n g  o p t i c a l
t h i c k n e s s  of the  cloud.  

Analysis  of c a l c u l a t e d  data 
f o r  t h e  e m i s s i v i t y ,  r e f l e c t i v 
i t y ,  and t r a n s m i s s i o n  of  c louds 
for t he  8-12-pm i n t e r v a l  as 
f u n c t i o n s  o f  t he  d r o p l e t  con
t e n t  i n  a v e r t i c a l  un i t - c ros s 
s e c t i o n  column of c loud  (which

c h a r a c t e r i z e s  t h e  c l o u d ' s  geo

m e t r i c a l  t h i c k n e s s )  showed a 

s u b s t a n t i a l  i n c r e a s e  i n  emis

s i v i t y  and a s h a r p  d e c r e a s e  i n  

t r a n s m i s s i o n  w i t h  i n c r e a s i n g 

th ' ickness ( F i g .  3 . 4 ) .  A s  w e  

s e e ,  t h e  curve o f  t h e  r e f l e c  

t i v i t y  i n c r e a s e  w i t h  i n c r e a s i n g 

cloud t h i c k n e s s  i s  smoother.  

The impor tan t  p o i n t  i s  tha t  

t h e s e  c h a r a c t e r i s t i c s  are prac 

t ic a l l y  independent  o f  t h e  

cloud and ground-surface t e m - F igure  3.4.  Transmiss'ion (11, 

p e r a t u r e s .  Thus, f o r  known Emiss iv i ty  ( 2 )  and R e f l e c t i v  

v a l u e s  of t h e s e  tempera tures  i t y  ( 3 )  of a Cloud f o r  1 0 - v m  


and cloud t h i c k n e s s ,  t h e  rad i - Wavelength a s  Funct ions of 

a n t  f l u x e s  a t  t he  boundar ies  of Water-Droplet Content i n  a 

a c loud  can be  c a l c u l a t e d  from Unit-Cross-Section Column of  

t h e  r e f l e c t i v i t y ,  e m i s s i v i t y ,  t h e  Cloud. 

and t r a n s m i s s i o n  v a l u e s .  I n  a 

l a t e r  s tudy  II911, G .  Yamamoto
-. - ~ 

d i scussed  the  r e s u l t s  of  c a l c u l a t i o n s  f o r  c loud e m i s s i v i t y  as a 

f u n c t i o n  o f  wavelength i n  t h e  5-2O-pm band. F igu re  3 .5  i l l u - 1137 

s t r a t e s  t h e s e  r e u u l t s  as c a l k u l a t e d  f o r  a s e m i i n f i n i t e  c loud .  

A s  w e  see ,  e m i s s i v i t y  depends s t r o n g l y  on wavelength,  diminish 

i n g  cons ide rab ly  i n  the r e g i o n  of the  8-12-pm t r anspa rency  win

dow. A s h a r p  e m i s s i v i t y  drop takes p l a c e  i n  t he  r e g i o n  of  t h e  

shortwave wing of t h e  6.3-pm water vapor  band. It i s  i n t e r e s t i n g  

t o  n o t e  t ha t  e m i s s i v i t y  does not  r e a c h  u n i t y  even i n  t h e  r e g i o n  of 

t h e  absorpt ion-band maxima, a n  e f f e c t  t h a t  can be  exp la ined  by

m u l t i p l e  s c a t t e r i n g  of t h e  r a d i a t i o n  i n  t h e  cloud.  T h e  e m i s s i v i t y 

averaged over  t h e  e n t i r e  s p e c t r a l  r e g i o n  cons idered  i s  0 .95 .  




V.L. Gayevskiy [22]  made 
Wavelength, pm cloud-top the rma l - r ad ia t ion  

-	 4 measurements i n  the  8-12-pm
r e g i o n ,  which can be used t o  
estimate cloudage albedos i n  
t h i s  s p e c t r a l  i n t e r v a l .  The 
measurements were made i n  
w i n t e r  (December-January) from 
a n  a i r p l a n e  f l y i n g  a t  an a l t i 
tude  of 50-100 m above t h e  
upper edges of t h e  c louds  ( i n  
t h i s  c a s e ,  t h e  i n f l u e n c e  of t h e  
i n t e r v e n i n g  a tmospher ic  l a y e r

2uuo can b e  d i s regarded) .  Simul
t aneous ly ,  t he  atmosphere was 

Figure  3.5. Emiss iv i ty  of a sounded v e r t i c a l l y  t o  de te rmine  
Cloud as a Func t ion  of Wave- the  t h i c k n e s s  of the  cloud 
l e n g t h .  	 cover  and t h e  tempera ture  pro

f i l e  i n s i d e  t h e  c loud ,  as w e l l  
as t h e  v e r t i c a l  p r o f i l e  of 

r a d i a t i o n  t empera tu re  throughout  t h e  e n t i r e  t h i c k n e s s  of t he  
cloud.  

Thermodynamic e q u i l i b r i u m  w a s  observed i n s i d e  t h e  c louds  when / I38
t h e i r  o p t i c a l  t h i c k n e s s e s  were great enough: t h e  r a d i a t i o n  t e m 
p e r a t u r e  determined from t h e  outgoing  r a d i a t i o n  was c l o s e  t o  t h e  
a i r  temperature. For water c louds ,  t h e  average  a lbedo  was 0.03
0 .04 ,  and no d i f f e r e n c e s  were noted  between s t r a t u s  and a l t o 
s t r a t u s  c louds .  Mixed s t ra tocumulus  clouds have a lbedos  of 0.08
0 .09 .  With small c loud  t h i c k n e s s e s  (about  150 m ) ,  t h e  i n f l u e n c e  
of r a d i a t i o n  from t h e  c o o l  unde r ly ing  s u r f a c e  becomespronounced.
Comparison w i t h  the  r e s u l t s  of t h e o r e t i c a l  a lbedo  c a l c u l a t i o n s  
i n d i c a t e s  tha t  t h e  c a l c u l a t e d  water-cloud a lbedos  were on the  h igh
s ide .  

A i r c r a f t  measurements o f  s t ra tocumulus-cloud r e f l e c t i v i t i e s  
made by W.Hovis and M. Tobin C151 i n  the  near  i n f r a r e d  a l s o  
y i e l d e d  a lbedo  va lues  much smaller t h a n  t h o s e  g iven  i n  Table  3.7. 
Thus, f o r  example, t he  albedo estimated by t h e  a u t h o r s  of  [15] for 
the  3.7-pm wavelength i s  about 4.5%. The c a l c u l a t e d  r e s u l t s  o f  
E.  Bauer [ 2 1 ]  a g r e e  c l o s e l y  w i t h  t he  data of Table  3.7:  he ob
t a i n e d  a lbedos  of l0 .g .d  f o r  3.7 pm and 15.7% f o r  X = 4.3 pm. It 
must,  of cour se ,  be emphasized t h a t  comparison of a lbedo  va lues  
ob ta ined  by d i f f e r e n t  a u t h o r s  cannot be a l t o g e t h e r  c o r r e c t ,  s i n c e  
albedo i s  v a r i a b l e  and t h e  observ ing  ( c a l c u l a t i n g )  c o n d i t i o n s  were 
d i s s i m i l a r .  

The r e s u l t s  cons ide red  above p e r t a i n  a lmost  e x c l u s i v e l y  t o  
lower- leve l  s t r a t u s  c louds .  There are almost  no s imi la r  data f o r  
c louds of the middle and upper l e v e l s  (and i c e  c louds i n  p a r t i c u 
l a r ) .  Only i n  Ye.P. Novose l ' t s ev ' s  paper  [24 ]  are r e l a t i v e  emis- /139
s i v i t i e s  ( b l a c k n e s s e s )  of upper- and middle- leve l  c louds  
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c a l c u l a t e d  t h e o r e t i c a l l y  i n  v a r i o u s  s p e c t r a l  i n t e r v a l s  and f o r  
t h e  e n t i r e  thermal  range of t h e  spectrum on t h e  basis o f  t he  "two
f l u x "  approximation of t he  t h e o r y  of r a d i a t i v e  t r a n s f e r  i n  c louds 
( w i t h  an estimate o f  the e r r o r s  o f  t h i s  approximat ion) .  

TABLE 3.8.  EMISSIVITY O F  UPPER-LEVEL CLOUDS 
_______

_ _  
4-8 0,68 0.69 0.74 0.78 -22 0.80 0,82 0,W 0.91 
8-12 0.16 . 0,s 0,27 0.40 22-26 0.95 0 , W  0,98 0.99

12-18 0,lY 0,28 0,31 0.43 2 6 - ~  1 1 1 1 
18-20 0.Q 0,73 0,82 0,85 CJ. 0,46 0 , s  0.56 0.64 

TABLE 3.9.  EMISSIVITY O F  MIDDLE-LEVEL CLOUDS 

1 
__-

On " m a l  OnNormal I Into hemis. __ 
Ac I A #  AC 

1 
0,74 

According t o  [24 ] ,  t h e  e m i s s i v i t i e s  of upper - leve l  c louds  are 
determined i n  approximation by t h e i r  t r a n s m i s s i o n  f u n c t i o n s  and 
o p t i c a l  t h i c k n e s s e s .  Because of t h e  l a r g e  s i z e s  of t h e  i c e  par 
t i c l e s  i n  t h e s e  clouds and the  f a c t  t h a t  o p t i c a l  t h i c k n e s s  i s  i n 
dependent of wavelength,  the  l a t t e r  can be determined from t h e  
a t t e n u a t i o n  of  s u n l i g h t  by uppe r - l eve l  c louds .  The o p t i c a l  t h i c k 
nesses  found i n  t h i s  way proved t o  be  extremely small: 0.32 f o r  
c i r r u s  and 0 . 6  f o r  c i r r o s t r a t u s  c louds .  A s  a r e s u l t ,  t h e  e m i s 
s i v i t i e s  of upper - leve l  c louds  a r e  s u b s t a n t i a l l y  s m a l l e r  t h a n  
u n i t y ,  e s p e c i a l l y  i n  t h e  8-12-um t r anspa rency  window ( t h e  minimum 
f o r  normally d i r e c t e d  r a d i a t i o n  i s  0 . 1 6 ) .  T a b l e  3 .8  p r e s e n t s  c a l 
c u l a t e d  r e s u l t s  f o r  an uppe r - l eve l  c loud 2 k m  t h i c k  (water-vapor 
con ten t  1 . 2  g/cm2) a t  -5OOC. 

T a b l e  3.9 p r e s e n t s  analogous data f o r  middle  l e v e l  c louds .  

L .P .  Grant  and G.E. Hunt [ 9 4 ]  c a l c u l a t e d  e m i s s i v i t i e s  f o r  /140 
va r ious  models of a monodisperse c i r r u s  c loud c o n s i s t i n g  of  i c e  
sphe res  w i t h  r 2 d i i  ff 5,  1 0 ,  2 0 ,  and340 I-cm w i t h  p a r t i c l e  concen
t r a t i o n s  o f  1 0  , 1 0  , and 5 lo6 m' . The c a l c u l a t i o n s ,  which 
were made f o r  the wavelength range from 50 t o  1 2 0  pm, showed tha t  
the  e m i s s i v i t y  i s  markedly s m a l l e r  t h a n  u n i t y  and depends on 
p a r t i c l e  dimensions and c o n c e n t r a t i o n .  F o r  a c l o u d l e s s  sky i n  
t h e  r ad ia t ion - t empera tu re  range from 220 to 23OoK, t h e  appearance 
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of  c i r r u s  c louds r e s u l t s  i n  a 20-30°K drop  i n  r a d i a t i o n  tempera
t u r e .  T h i s  e f f e c t  i s  even more d i s t i n c t  i n  t h e  8-13-pm t r a n s 
parency window. 

From a U-2 a i r p l a n e ,  F. Valovcin [92] made t h e  f i rs t  meas
urements of  ascending  thermal  r a d i a n t  f l u x e s  i n  t h e  8-13-pm t r a n s 
parency window above and w i t h i n  c i r r u s  c louds  formed i n  jet-stream 
zones. S imul taneous ly ,  t h e  clouds were photographed,  a i r ,tempera
t u r e s  were measured, and v i s u a l  estimates were made of  t h e  bound
a ry  p o s i t i o n s  and t h i c k n e s s e s  o f  t h e  cloudage l a y e r s .  The measure
ments were conducted us ing  three  r ad iomete r  m o d i f i c a t i o n s  w i t h  
semiconductor r a d i a t i o n  d e t e c t o r s  ( a l l  r ad iomete r s  had t h e  same 
2 x 2" f i e l d ) .  The rad iometers  were c a l i b r a t e d  on board  t h e  air
p l a n e  (du r ing  the  measurements) a g a i n s t  a va r i ab le - t empera tu re
b lack  body. 

Analysis  o f  data from 23 f l i g h t s  above t h e  e a s t e r n  USA dur ing
t h e  p e r i o d  from A p r i l  1 9 6 4  through February 1966 i n d i c a t e s  t h a t  
the e m i s s i v i t i e s  of c i r r u s  c louds  vary ove r  a very broad r a n g e ,
from 5 t o  1 0 0 % .  The d i f f e r e n c e  between t h e  measured r a d i a t i o n  
tempera ture  and t h e  a i r  tempera ture  a t  cloud-top l e v e l  v a r i e d  from 
0 t o  68", averaging  30-36" ( t h i s  means t h a t  t h e  hypo thes i s  t h a t  
t h e  clouds are a b s o l u t e l y  b l ack  may r e s u l t  i n  e r r o r s  up t o  1 0  km 
when i t  i s  used t o  determine cloud-top h e i g h t s  from r a d i a t i o n  
t empera tu re ) .  

Reference C921 proposes  a c l a s s i f i c a t i o n  o f  c i r r u s  c louds 
i n t o  t h r e e  c a t e g o r i e s  i n  accordance w i t h  t h e  r a d i a t i o n  tempera
t u r e  Trad: 1) r a d i o m e t r i c a l l y  t h i c k  clouds (Trad < 244"K, which 
corresponds t o  an e m i s s i v i t y  t S C  = 0.80 f 0 . 2 0 ) ;  2 )  a n  intermed
i a t e  case  (Trad 3 244-26OoK, tSC = 0 .50 .5  0 . 1 5 ) ;  3 )  r a d i o m e t r i c -
a l l y  t h i n  clouds (Trad > 2 6 0 O ~ ,  t S C  = 0 . 2 0  * 0 . 1 5 ) .  T h i s  c l a s s i 
f i c a t i o n  can be used t o  i n t r o d u c e  c o r r e c t i o n s  f o r  c loud nonblack
ness  ( i n  accordance w i t h  t h e  measured r a d i a t i o n  t empera tu re )  and 
thus  o b t a i n  a more r e l i a b l e  de t e rmina t ion  of cloud-top a l t i t u d e .  

F.F. H a l l  [95] made i n t e r e s t i n g  ground-based s t u d i e s  of t h e  
i n f l u e n c e  of  c i r r u s  c louds on t h e  atmosphere 's  thermal  r a d i a t i o n .  
It had been observed p rev ious ly  t ha t  t h e  measured i n t e n s i t y  o f  
the atmosphere 's  back r a d i a t i o n  a t  t h e  z e n i t h  o f t e n  s u b s t a n t i a l l y  / I 4 1
exceeds t h e  i n t e n s i t y  computed from r a d i a t i o n  nomograms. It was 
assumed tha t  t h i s  w a s  due t o  t h e  i n f l u e n c e  o f  c i r r u s  c louds ,  which 
f r e q u e n t l y  go unnot iced .  Ground measurements were t h e r e f o r e  made 
i n  C951 us ing  a two-channel bolometer w i t h  o p t i c a l  f i l t e r s  t o  
determine t h e  i n t e n s i t y  and p o l a r i z a t i o n  of t h e  atmosphere 's  t h e r 
m a l  r a d i a t i o n  i n  t h e  r e g i o n  of i t s  8-13-um t r anspa rency  window 
and t h e  9.6-vm ozone band f o r  c l e a r  sk i e s  and c i r r u s  c louds i n  t h e  
daytime. The back- rad ia t ion  i n t e n s i t y  w a s  measured n e a r  t he  sun 
wi th  t h e  o b j e c t  o f  d e t e c t i n g  t h e  i n n e r  corona i n  t h e  i n f r a r e d  
( s i n c e  t h e  i c e  c r y s t a l s  of c i r r u s  c louds a r e  s u b s t a n t i a l l y  l a r g e r  
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t h a n  t h e  wavelength,  s t r o n g  forward s c a t t e r i n g  of the s o l a r  radia
t i o n  w i l l  b e  expec ted ) .  

Eva lua t ion  of a e r o s o l  r a d i a t i o n  f o r  haze w i t h  a meteorologi
c a l  v i s i b i l i t y  of  1 k m  y i e l d e d  a va lue  of 1 . 2  mW/cm2 X sr. Here 
t h e  c o n t r i b u t i o n  o f  ground-surface r a d i a t i o n  back- sca t t e red  by 
t he  a e r o s o l  exceeds 2 1 %  o f  t h i s  emission va lue .  A t  50-km v i s i 
b i l i t y ,  t h e  i n f l u e n c e  of t h e  a e r o s o l  i s  n e g l i g i b l e .  

A s  f o r  t h e  m i c r o s t r u c t u r e  of  c i r r u s  c louds ,  measured d a t a  
i n d i c a t e  t h a t  a t y p i c a l  p a r t i c l e  i s  a p r i s m  200 p m  long  and 30 p m
t h i c k ;  t h i s  corresponds t o  an equ iva len t .  sphe re  w i t h  a r a d i u s  of 
503pm. The c r y s t a l  c o n c e n t r a t i o n  may be t aken  equal  t o  5 lo5 
m- . 

Comparison of  t h e  measured z e n i t h  back- rad ia t ions  w i t h  t hose  
computed f o r  t h i s  c loud  model i n d i c a t e d  t h a t  i n  t h e  presence  of 
a s t r o n g  corona around t h e  sun ,  t h e  measured v a l u e s  a r e  cons ider 
a b l y  l a r g e r  because of c i r r u s  c louds t h a t  cannot be d e t e c t e d  
v i s u a l l y .  Here t h e  back- rad ia t ion  i n t e n s i t y  may r i s e  by 0 . 1  
mW/cm2*sr a t  t h e  z e n i t h  and twice  a s  much a t  a 60° z e n i t h  a n g l e .
I n  the  case  of  v i s i b l e ,  bu t  t h i n  c i r r u s  c louds ,  t h e  " a d d i t i o n a l "  
r a d i a t i o n  may amount to 1 m W / c m 2 * s r  a t  t h e  z e n i t h  and be 1 . 4  
t imes  l a r g e r  a t  a z e n i t h  angle  of  6 0 ° .  

I n  t h e  case  of a dense c i r r o s t r a t u s  c loud cover ,  no p o l a r i 
z a t i o n  i s  d e t e c t e d .  

For a c l e a r  s k y ,  the  r a d i a t i o n  i n  t h e  8-13.5-pm t r anspa rency
window i s  found t o  b e  weakly p o l a r i z e d  a t  l a r g e  z e n i t h  a n g l e s .
P o l a r i z a t i o n  of t h e  back r a d i a t i o n  may be  exp la ined  as due t o  
s c a t t e r i n g  o f  thermal  r a d i a t i o n  from the ear th ' s  s u r f a c e  by c i r 
r u s  c louds .  

I n  t h e  con tex t  of t h e  c loud-emiss iv i ty  problem, cons ide rab le  
i n t e r e s t  a t t a c h e s  t o  t h e  exper imenta l  s t u d i e s  o f  L.I. Chapurskiy
[25] and R . P .  Esp ino la  and H . H .  Blau [ 2 6 ]  on the  o p t i c a l  p roper 
t i e s  o f  c louds i n  t h e  v i s i b l e  and nea r  i n f r a r e d  r e g i o n s  of t h e  / I 4 2  
spectrum. 

L . I .  Chapurskiy made a i r c r a f t  measurements of  t h e  s p e c t r a l
b r i g h t n e s s e s  o f  c l o u d s ,  a tmospheric  haze ,  and the unde r ly ing  su r 
f a c e  us ing  high-speed spec t rometers  i n  t h e  0.3-0.9-pm and 0.6
2.25-pm wavelength bands.  The  s p e c t r a l  c o n t r a s t s  between lower-
and middle- leve l  c louds  and f r e s h l y  f a l l e n  snow were s t u d i e d  on 
t h e  basis o f  data o b t a i n e d  from f l i g h t s  i n  February-March 1 9 6 2  and 
1964 a t  an a l t i t u d e  o f  about  2 . 7  k m  d u r i n g  t h e  noonday hours .  The 
snow averaged b r i g h t e r  t h a n  t h e  clouds i n  t h e  0.3-l.l-pm wave
l e n g t h  band, bu t  t h e  r e v e r s e  w a s  t h e  c a s e  between 1 . 4  and 2 . 5  pm.
The r e f l e c t e d  r a d i a t i o n  i s  observed t o  depend weakly on t h e  ver 
t i c a l  t h i ckness  of t he  clouds i n  t h e  1.4-2.5-pm s p e c t r a l  segment.
The maximum c o n t r a s t s  occur  i n  t he  0.3-1.4-pm i n t e r v a l ,  and the  

129 

I n .  ..I .... . ... . ..... __ 



minimum c o n t r a s t s  from 1 . 4  t o  2.5 u m ;  i n  e i t h e r  c a s e ,  t hey  co r re 
spond t o  c louds from which snow f e l l .  A d iminut ion  of t h e  con
t ras t s  i s  observed i n  t h e  r e g i o n  of t h e  wa te r  a b s o r p t i o n  bands.  
There i s  a c e r t a i n  dec rease  i n  t h e  c o n t r a s t s  w i t h  a l t i t u d e  f o r  t h e  
e n t i r e  s p e c t r a l  r e g i o n  s t u d i e d .  

Analys is  o f  t h e  c l o u d - r e f l e c t i v i t y  de t e rmina t ions  as compared 
w i t h  t h e o r e t i c a l l y  c a l c u l a t e d  data i n d i c a t e d  t ha t  t h e  g e n e r a l
t r e n d s  of  t h e  exper imenta l  and t h e o r e t i c a l  curves  a g r e e  sat is
f a c t o r i l y ,  bu t  t h a t  t he re  are a l s o  a p p r e c i a b l e  d i f f e r e n c e s  (d i s 
agreement o f  t h e  a b s o l u t e  v a l u e s ,  a s h i f t  of t h e  a lbedo  minima).
I n  t h e  1.4-2.5-pm i n t e r v a l ,  t h e  b a s i c  c o n t r i b u t i o n  t o  t h e  ascend
i n g  shortwave r a d i a t i o n  over  snow i s  made by atmospheric  haze.  

Data from 1964-65 w i n t e r  f l i g h t s  were used t o  a s c e r t a i n  t h e  
p o s s i b i l i t y  o f  de t e rmin ing  c r y s t a l l i n e  and l iqu id-drop  clouds from 
t h e  amount of r e f l e c t e d  s o l a r  r a d i a t i o n  i n  t h e  0.6-2.5-um band. 
The a lbedo  curves o f  t h i c k  c r y s t a l l i n e  cloudage and snow are  iden
t i c a l  i n  t h i s  s p e c t r a l  i n t e r v a l .  For t h e  1.4-2.5-um wavelength 
range ,  t h e  a lbedo  o f  l iqu id-drop  clouds i s  more t h a n  f o u r  t i m e s  
t he  r e f l e c t i v i t y  of  t h i c k  c r y s t a l l i n e  cloudage and snow, w h i l e  
t h e  b r i g h t n e s s e s  of snow and c r y s t a l l i n e  and l iqu id-drop  clouds 
a r e  similar i n  a b s o l u t e  va lue  i n  t h e  0 . 6 - l . l - u m  i n t e r v a l .  Compar
i s o n s  o f  t h e  measured and computed v e r t i c a l  a tmospheric  haze 
b r i g h t n e s s  p r o f i l e s  above water  i n  t h e  0.3-0.7-pm range i n d i 
ca t ed  t h a t  t h e  agreement between t h e  exper imenta l  and t h e o r e t i c a l  
d a t a  i s  s a t i s f a c t o r y .  

The r e s u l t s  o f  a n g u l a r - d i s t r i b u t i o n  measurements of t h e  as
cending r a d i a n t  i n t e n s i t y  above a l a r g e  mass of s t r a t u s  c louds 
w i t h  a n  extremely l e v e l  t o p  i n d i c a t e  t h a t  t h e  r e f l e c t i o n  i n d i c a 
t r i x  of  t h e  cloud i s  e longa ted  i n  t h e  d i r e c t i o n  o f  t h e  sun a t  a 
s m a l l  ang le  t o  t h e  ho r i zon .  

An approximate e v a l u a t i o n  o f  t h e  s p e c t r a l  p o l a r i z a t i o n  char- /I43
a c t e r i s t i c s  of  c louds  i n  t h e  0.3-2.5-um i n t e r v a l  showed tha t  t h e  
degree  of  p o l a r i z a t i o n  may range from 1 5  t o  30% and dec reases  
markedly w i t h  i n c r e a s i n g  wavelength.  The p o l a r i z a t i o n  p lane  l i e s  
between 45 and 75" o f  t h e  d i r e c t i o n  t o  t h e  sun.  

R.P. Esp ino la  and H . H .  Blau [ 2 6 ]  used a n  a i r c r a f t  i n f r a r e d  
spec t romete r  t o  s t u d y  t h e  s p e c t r a  o f  s o l a r  r a d i a t i o n  s c a t t e r e d  by
v a r i o u s  types  of c louds  i n  t h e  1.2-3.6-um wavelength range .  Meas
urements of t h e  b r i g h t n e s s  angu la r  d i s t r i b u t i o n  were a l s o  made f o r  
v a r i o u s  wavelengths i n  t h e  range  of ang le s  from 45 t o  150" w i t h  
r e s p e c t  t o  t h e  d i r e c t i o n  of t h e  i n c i d e n t  l i g h t .  I n  t h e  2.6-2.9-pm
band, where water and i c e  s t r o n g l y  absorb t h e  r a d i a t i o n  and s i n g l e
s c a t t e r i n g  t h e r e f o r e  dominates t h e  b r i g h t n e s s e s  o f  t h e  clouds i n  
t h i s  angle  range va ry  through a f a c t o r  o f  approximately t e n .  
Where a b s o r p t i o n  i s  s l i g h t  t h e  angu la r  v a r i a b i l i t y  o f  b r i g h t n e s s
i s  about 300%. 



Considerable  a b s o r p t i o n  of  r a d i a t i o n  i n s i d e  clouds a t  wave
l e n g t h s  of 1 .38 ,  1 .87 ,  and 2.7 u m  w a s  observed.  Br igh tness  minima 
a t  1 .5 ,  2 . 0 ,  and 2.8 p m  are c h a r a c t e r i s t i c  f o r  i c e  c louds ;  they 
are  absen t  i n  t h e  case  o f  c louds c o n s i s t i n g  o f  water d r o p l e t s .  

The  d i f f e r e n c e s  found i n  C25, 261 i n  the  r e f l e c t i o n  s p e c t r a
of water and, i c e  c louds can be used t o  i d e n t i f y  them from sa te l 
l i t e s .  

The  p r i n c i p a l  conc lus ion  t o  b e  drawn from a l l  o f  t h e  s t u d i e s  
d i s c u s s e d  above i s  s u b s t a n t i a l  v a r i a b i l i t y  and s e l e c t i v i t y  o f  
under ly ing-sur face  and cloudage e m i s s i v i t i e s .  It w i l l  be  neces
s a r y  t o  complete a broad program o f  f u r t h e r  exper imenta l  and 
t h e o r e t i c a l  s t u d i e s  b e f o r e  t h e  cor responding  in fo rma t ion  can be  
regarded  as adequate  from t h e  s t a n d p o i n t  o f  under ly ing-sur face
and cloud-top tempera ture  de t e rmina t ion  based on measurements of  
outgoing r a d i a t i o n  i n  t h e  atmosphere 's  t r anspa rency  windows. It 
would b e  most exped ien t  t o  implement t h i s  program w i t h i n  the  
framework of  a complex r a d i a t i o n  experiment [27] .  

5 2 .  	OPTIMUM SELECTION O F  ATMOSPHERIC TRANSPARENCY WINDOWS FOR DE
TERMINATION O F  UNDERLYING-SURFACE AND CLOUD TEMPERATURES FROM 
S ATELLITES 

T h e  a n a l y s i s  of  t h e  o p t i c a l  c h a r a c t e r i s t i c s  of t h e  atmosphere,
under ly ing  s u r f a c e ,  and clouds tha t  was developed i n  the  fo rego ing
s e c t i o n  c l e a r l y  i n d i c a t e s  t ha t  t h e  3.0-4.0- and 8.0-12.0-pm t r a n s 
parency windows (or narrower i n t e r v a l s  w i t h i n  t h e s e  segments o f  
t h e  spectrum) are most s u i t a b l e  f o r  de t e rmina t ion  of  s u r f a c e  tem
p e r a t u r e s  from s a t e l l i t e s .  Having drawn t h i s  i n f e r e n c e ,  however, /144
i t  i s  impor tan t  t o  a t tempt  a s o l u t i o n  of the  problem o f  us ing  a 
def ined  s p e c t r a l  segment i n  an unequivocal  manner. T h i s  b r i n g s  
us t o  t he  problem o f  optimum and unique s e l e c t i o n  of a n  atmospher
i c  t r anspa rency  window t h a t  i s  most s u i t a b l e  f o r  de t e rmina t ion  of 
r a d i a t i n g - s u r f a c e  tempera ture .  

Opt imal i ty  of t h i s  s e l e c t i o n  c o n s i s t s  i n  f i n d i n g  t h e  most 
f a v o r a b l e  combination o f  t h e  fo l lowing  c o n d i t i o n s :  1) minimum 
t r a n s f o r m a t i o n  o f  t h e  s u r f a c e  r a d i a t i o n  by  t h e  t h i c k n e s s  of t h e  
atmosphere,  2 )  maximum s e n s i t i v i t y  of t h e  r a d i a t i o n  t o  s u r f a c e -
tempera ture  v a r i a t i o n s ,  3)  maximum b lackness  of t h e  s u r f a c e s  and 
minimum e m i s s i v i t y  v a r i a b i l i t y ,  4 )  equa l  u t i l i t y  o f  t h e  s e l e c t e d  
s p e c t r a l  range  d u r i n g  the day and a t  n i g h t ,  and 5)  t e c h n i c a l  fea
s i b i l i t y  of ou tgo ing- rad ia t ion  measurements i n  t h e  cor responding
s p e c t r a l  r e g i o n  w i t h  minimum e r r o r s .  Working from the  r e s u l t s  of  
c35, 361, l e t  us ana lyze  whether  these cond i t ions  can be m e t .  

F i r s t  o f  a l l ,  w e  should  n o t e  t h a t  t h e  8-12-pm t r anspa rency
window has an unques t ionable  advantage from the  s t a n d p o i n t  of  
equal  daytime and n igh t t ime  u t i l i t y ,  s i n c e  the outgoing s h o r t 
wave ( r e f l e c t e d  s o l a r )  r a d i a t i o n  i n  t h i s  r e g i o n  o f  t h e  spectrum
i s  n e g l i g i b l y  small under a l l  observ ing  c o n d i t i o n s .  T h i s  cannot 
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Figure  3.6. Energy D i s t r i b u t i o n  i n  
Emission S p e c t r a  of Day and Night
Sk ies  (3-4 .pm). 1) Thermal  e m i s 
s i o n  a t  n i g h t :  Maysach (West Ger
many), 4 June 1966, 1 hour  46 min
1 hour  56 min C e n t r a l  European
Time,  wes te rn  s e c t o r  o f  sky a t  al
t i t u d e  o f  loo above ho r i zon ;  2 )
b l a c k  body r a d i a t i o n  a t  290OK; 3)
daytime emiss ion:  Maysach (West
Germany), 4 May 1966, l 7  hours  
00  min-17 hours  03 min C e n t r a l  
European T i m e ,  wes t e rn  s e c t o r  o f  
sky a t  a l t i t u d e  o f  5 O  above h o r i 
zon, h& -240.. 

b e  said o f  t h e  3-4-um i n 
t e r v a l ,  where t he  c o n t r i 
b u t i o n  of  shortwave ( re
f l e c t e d  s o l a r )  r a d i a t i o n  i s  
o f t e n  not  on ly  s i g n i f i c a n t ,
bu t  even dominant.  The 
v a l i d i t y  of t h i s  s t a t emen t  
i s  obvious from F i g .  3.6,  
which shows curves  of  
energy d i s t r i b u t i o n  i n  t h e  
day and n i g h t  sky emiss ion  
s p e c t r a  acco rd ing  t o  ground 
measurements made by F.-W. 
Bertram [9] f o r  t h e  3-4-um 
wavelength band. Even a t  
compara t ive ly  low sun a l t i 
t u d e s  ( 2 4 O ) ,  t h e  shortwave 
r a d i a t i o n  i s  s e v e r a l  times 
t h e  thermal  r a d i a t i o n ,  
which t o t a l l y  p r e c l u d e s  de
t e r m i n a t i o n  of  tempera ture
from t h e  t h e r m a l  r a d i a t i o n  
of  t he  s u r f a c e .  

To s o l v e  t h e  problem
of  optimum t r anspa rency-
window s e l e c t i o n ,  the  
a u t h o r s  of 135, 361 ca lcu-

TABLE 3.10. VALUES OF EXPONENT ns AT VARIOUS 
BLACK-BODY TEMPERATUREST A S  FUNCTIONS OF WAVE
LENGTH X 

313 


i 
27.1 22.8 13.5 
22,G
16,9 
13.6 

19.0 
14.3 
11.4 

15.4 
11.5 
9.2 

11.3 9.5 7.7 
9,7 8.2 6.6 

7.5 6.3 5.1
8,5 7.1 5.8 

5.7 4.6 
5,6 4.8 3.8 
4,5 3.8 3.1 

la ted the outgoing r a d i a t i o n  for t h e  3.5-4.0- and 8.0-12.0-um 
s p e c t r a l  bands from a e r o l o g i c a l  sounding data o b t a i n e d  a t  24 sta
t i o n s  i n  t h e  USSR ( t h e  c a l c u l a t i o n  method used i n  these s t u d i e s  
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p e r m i t t e d  de t e rmina t ion  of t he  outgoing r a d i a t i o n  a c c u r a t e  t o  
0.6% o r  b e t t e r ) .  

L e t  us p r e s e n t  the r a d i a n t  i n t e n s i t y  o % t h e  under ly ing  s u r 
f a c e  f o r  an i n t e r v a l  A X  i n  t he  form 

J , = g T ,  "a . 
where g i s  a c e r t a i n  c o e f f i c i e n t ,  Ts i s  the  s u r f a c e  t empera tu re ,  
and ns i s  an exponent t ha t  depends on t h e  s e l e c t i o n  o f  A A  and t e m 
p e r a t u r e  (see Table  3 .10) .  

The r a d i a t i o n  t empera tu re  Traa measured f r o m  a sat .e l l i te  d i f - /145 
fers  from Ts by an amount AT tha t  c h a r a c t e r i z e s  t he  i n f l u e n c e  of  
s u r f a c e  nonblackness and t r a n s f o r m a t i o n  of t h e  s u r f a c e  r a d i a t i o n  
by the  t h i c k n e s s  of t he  atmosphere:  

Trad = Ts - AT. 

Thus, w e  have f o r  t he  outgoing r a d i a t i o n  Jm / I 4 6  

J,=g(T,-AT)"'=;gT:' (1 --:)='-

Since  AT i s  s m a l l  (Trad and Ts are c l o s e l y  s imi l a r ) ,  w e  may as
sume t h a t  ns = n l  = n. We t h e n  o b t a i n  

W e  i n t r o d u c e  t h e  nomenclature 

AT 
-.=?--I+-
J - ' - (  I - - T,) " * 
J a  

From t h i s  

ATSince  - -<<I, .  
T S  


In(1-- :) e--	AT Ts' 
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Consequently,  
Ar =- --In+.T, 


n 

We see from t h i s  formula t h a t  t h e  c o r r e c t i o n  f o r  t h e  i n f l u 
ence of atmospheric  t h i c k n e s s  ( o r  the  e r r o r  o f  under ly ing-sur face
tempera ture  de t e rmina t ion  if t h i s  c o r r e c t i o n  i s  not  i n t roduced)
depends n o t  o.nly on t r ans fo rma t ion  of r a d i a t i o n  by t h e  t h i c k n e s s  
of t he  atmosphere ( I n $ = l n ~  bu t  a l s o  on t h e  t r anspa rency  window"1 
s e l e c t e d  (exponent .). Since  t h e  exponent n i s  cons ide rab ly
larger for t h e  shortwave t r anspa rency  window a t  3-4 pm t h a n  f o r  
the longwave window, t h i s  means t h a t  t h e  shortwave window has a 
major advantage from t h e  s t a n d p o i n t  of s t r o n g e r  v a r i a b i l i t y  of 
t he  r a d i a t i o n  as a f u n c t i o n  of s u r f a c e  tempera ture .  

On the o t h e r  hand, t h e  s t r o n g  
AT v a r i a b i l i t y  of t h e  outgoing  radia-
U F  f t i o n  c a l l s  for appa ra tus  t h a t  func
7 - 	 t i o n s  i n  a broad r ange  of measured 

r a d i a n t  f l u x e s .  We n o t e  t h a t  the
6 - black-body r a d i a t i o n  a t  293OK i s  
5 - almost  two o r d e r s  g rea te r  than  t h e  

r a d i a t i o n  corresponding t o  233OK 
( t h i s  corresponds e x a c t l y  t o  t h e  
observed range of underlying-sur
f a c e  t empera tu res ) .  Such a broad 
range i s  wi thout  q u e s t i o n  incon
ven ien t  f o r  measurements. F u r t h e r ,  
i t  i s  po in ted  ou t  i n  C36] t h a t  a t  
low t empera tu res ,  t h e  r a d i a t i o n  i n  
t h e  nea r  i n f r a r e d  i s  s o  weak as t oFigure  3.7. AT as a Func- approach the s e n s i t i v i t y  t h r e s h o l dt i o n  of  Water Vapor Con- of e x i s t i n g  r a d i a t i o n  d e t e c t o r s .t e n t  i n  t h e  Atmosphere i n  A l l  t h i s  i n d i c a t e s  the inexpediencythe  10.55-12.0-pm (1) and of us ing  t h e  3-4-pm window a t  low3.5-4.0-pm ( 2 )  Regions. t empera tures .  Observance of  t h i s  
recommendation a l s o  makes i t  poss i 
b l e  t o  narrow t h e  range of  measured 

va lues  cons ide rab ly .  

I n  e v a l u a t i n g  t h e  i n f l u e n c e  of a tmospheric  t h i c k n e s s ,  i t  i s  
i n t e r e s t i n g  f i r s t  t o  s tudy  t h e  dependence of t h e  c o r r e c t i o n  AT 
on mois ture  con ten t ,  s i n c e  water vapor i s  t h e  p r i n c i p a l  component
of t h e  atmosphere r e s p o n s i b l e  f o r  t h e  t r ans fo rma t ion  of s u r f a c e  
r a d i a t i o n .  

F igure  3.7 shows AT as a f u n c t i o n  of  water  vapor  con ten t  i n  
the  t h i c k n e s s  of t h e  atmosphere for t h e  10.55-12.0 and 3.5-4.0-pm
s p e c t r a l  i n t e r v a l s  accord ing  t o  C361. A s  w e  see, t h e  3.5-4.0-pm
window i s  much more t r a n s p a r e n t .  The f a c t  that  t h e  exponent ;i s  



much l a r g e r  f o r  t h i s  segment o f  t h e  spectrum t h a n  i n  t he  10.55
12.0-pm long-wave window i s  a l s o  a n  imDortant c o n s i d e r a t i o n .  It 
should  be r e c a l l e d  tha t  carbon d iox ide land  ozone, i n  a d d i t i o n  t o  
water vapor ,  make a c e r t a i n  c o n t r i b u t i o n  to a b s o r p t i o n  i n  t he  8
12-vm t r anspa rency  window. For  the  3-4-pm shortwave window, the  
p i c t u r e  i s  even more complex (see F ig .  3.3,  which was borrowed 
from [30]).  Here i t  i s  necessary  to cons ide r  the  va r ious  hydro
carbons and n i t r o g e n  oxides  ( p r i m a r i l y  ammonia and n i t r i c  ox ide ) .
T a b l e .  3.11 p r e s e n t s  c a l c u l a t e d  r e s u l t s  of J. Tannhcuser [ll],
which c h a r a c t e r i z e  t h e  c o n t r i b u t i o n s  made by t h e  v a r i o u s  atmos
p h e r i c  components t o  t he  outgoing r a d i a t i o n  i n  t h e  3.4-4.2-vm 
wavelength band ( t h i s  corresponds t o  t h e  s p e c t r a l  s e n s i t i v i t y  
range o f  the scanning  i n f r a r e d  rad iometer  on the  Nimbus I satel
l i t e )  f o r  va r ious  s u r f a c e  e m i s s i v i t i e s  6 and va ry ing  s u r f a c e  e l e 
v a t i o n  h above sea l e v e l .  R e l a t i o n s h i p s  o f  t h e  t y p e  AT ( C O 2 ,  / I48  
C H 4 )  = 'rad ( H 2 0 ,  C O 2 ,  C H 4 )  - Trad(H20) were used t o  c a l c u l a t e  
c e r t a i n  c o r r e c t i o n s  AT. I n  t h i s  c a s e ,  Trad(H20, C O 2 ,  C H 4 )  and 

Trad ( H 2 0 )  are t h e  r a d i a t i o n  tempera tures  c a l c u l a t e d  w i t h  cons ider 
a t i o n  of water vapor ,  methane, and carbon d iox ide  and water vapor
a lone .  

It fo l lows  from T a b l e  3 .11 t h a t  only i n  t h e  case  o f  c louds 
w i t h  h igh  t o p s  ( 8 . 5  k m )  does t h e  c o r r e c t i o n  A T ( C O 1 ,  C H 4 ,  N 2 0 )  be
come smaller t h a n  lo. 

Figure  3.8 shows s p e c t r a l  
t u r e  (outgoing  radiayt f l u x )  
i n  the 2190-2290-cm' r ange  
as c a l c u l a t e d  by J. Tann
hguser  111, 1501 f o r  the
fo l lowing  c o n c e n t r a t i o n s  of  
the  atmospheric  components
cons idered  ( cm3/mS) and 
t h e i r  t o t a l  c o n t e n t s  ( a t m e
*cm) i n  t he  lOl3-1O-mbar 
atmospheric  t h i c k n e s s  ( t h e
t o t a l  con ten t  i s  i n d i c a t e d  
i n  p a r e n t h e s e s )  : 

con co Nao 

a) 314 (246.7) 0.2 (0,lss) 0.5 (Oe3g3) 
6 )  313 (246.2) 0.2 (0.158) Os3 (0.236) 

The symbol m> i n  F ig .
3.8 corresponds t o  v a r i a n ta ) ;  me p e r t a i n s  t o  v a r i a n t  
F). The m>f curve was ob
t a i n e d  by us ing  e r roneous  
( d e v i a n t )  t r ansmiss ion -
f u n c t i o n  parameters .  

d i s t r i b u t i o n s  of  r a d i a t i o n  tempera

0 
Tradt 

300  -1 

I--. 1 -I- I I _ - * '' 
2o02290 2250 2;oo 3A-1 

Figure  3.8. Energy (Rad ia t ion  Tem
p e r a t u r e )  D i s t r i b u t i o n  i n  Spectrum
of  Outgoing Rad ia t ion  from 2190
2 29 o cm- . I )  cor- N ~ O .co; 2) co, - N~O:8)  COI. 
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TABLE 3.11. INFLUENCE OF VARIOUS ATMOSPHERIC 
COMPONENTS ON OUTGOING R A D I A T I O N  ( R A D I A T I O N
TEMPERATURE) I N  3.4-4.2-pm WAVELENGTH BAND 

. .  $ 
t;
z 
V 

t

8+ 
0,
5 
h 

- .  

6= 1,o 
o,w 2 a , 1  2 ~ s , 4  2ri.6 2 a , 6  
1,05 262.6 261,l 260,4 258,7 
2,65 253,8 252.6 252,l 250,7
5,15 239.i 238,9 238.6 237,7
8,50 220.3 220,O 219,9 219,5 

0.00 264,G ' 263,O 262.4 260,5 1.6 202 4.1
1,Oa 259,l 257,7 257,l 255,6 1,4 2.0 3,5
2.65 250,4 249,4 248.9 247,7 1.0 1 3  2.7 
5, l5  2:1B,B 236,O 235,6 234,9 0.6 1,o 1,7 
8 , s  2.17.8 217,5 217,4 217,l 0.3 OB4 0,7 

0,oO 263,4 262,O 2131,3 259,6 1.4 2.1 3,8
1.05 257,9 256.7 256,l 2%,6 1.2 1.8 3,3 
?,G:i 249,3 248.3 247,8 246.7 1,0 1.5 2.6 
*>, 15 235,G 235,O 234.7 234,O 0,6 089 1.6 
8,VJ 216,9 '216,i 216,5 216,3 0,2 0.4 0.6 

Examination of  F ig .  3 .8  shows how s i g n i f i c a n t  t h e  N20 con
t r i b u t i o n  t o  t h e  outgoing  r a d i a t i o n  i s  i n  t h i s  r e g i o n  of t h e  
spectrum. Correct  allowance f o r  t h e  t r ansmiss ion - func t ion  param
e t e r s  i s  a l s o  e x c e p t i o n a l l y  impor t an t .  

T a b l e  3.12, which p r e s e n t s  H.-J. B o l l e ' s  c a l c u l a t e d  r e s u l t s  
[lo], c l e a r l y  i l l u s t r a t e s  t h e  r o l e s  o f  t h e  va r ious  a tmospher ic  
components i n  de te rmining  t h e  outgoing  r a d i a t i o n  i n  t h e  8-12-pm 
transparency.  window. 

Outgoing-rad ia t ion  va lues  were c a l c u l a t e d  f o r  t h e  American /150
Standard  Atmosphere i n  1962 u s i n g  R.  Penndorf ' s  data  on t h e  ver
t i c a l  a e r o s o l  c o n c e n t r a t i o n  d i s t r i b u t i o n  ( a e r o s o l  emiss ion  was 
t a k e n  i n t o  account by us ing  a mass a e r o s o l  emiss ion  c o e f f i c i e n t  
o f  0 .0005  g/cm2). The s t a n d a r d  atmosphere involved  has  t h e  f o l 
lowing t o t a l  con ten t s  of t h e  v a r i o u s  a tmospher ic  components : 247.5 
atmecm o f  C 0 2 ,  1.74 g/cm2 of  H 2 0 ,  and 0.213 atm*cm of  0 3 .  The 
las t  column o f  T a b l e  3.11 g ives  t h e  c o r r e c t i o n s  AT f o r  convers ion  
t o  t h e  t r u e  tempera ture  w i t h  c o n s i d e r a t i o n  of a 0.75 e m i s s i v i t y  of 
t h e  ear th 's  s u r f a c e  for t h i s  case  ( A  = 1 - 6 ) .  



TABLE 3 .12 .  OUTGOING RADIANT INTENSITY IN WAVE-
NUivIBER RANGE FROM 903 t o  1007 cm-' I N  THE D I 
R E C T I O N  O F  THE NADIR FOR A CLOUDLESS AMERICAN 
STANDARD ATMOSPHERE, 1962  

".. - _ - . . ..- . . -_~____-
Relative value of Correction, OK
outgoing radiation 

.__ 
=0.251 - ,\ _=- v;25 ..I-

Radiator 

- .... _ .  

Earth's surface, 0,3249 0,7673
(288.20K)

Earth's surface, O,S9G 0,7455 

k%?s surface, 0,8513 0,7326
HzO, aero-

HzO, aero
sol coz

Fad's surface, 0,84770,7325 
HzO, aero
sol, coz, 
03 

The d a t a  i n  T a b l e  3 . 1 2  i n 
d i c a t e  t h a t  de t e rmina t ion  of 
under ly ing-sur face  tempera ture  
a c c u r a t e  t o  w i t h i n  0.5O even i n  
t h i s  most t r a n s p a r e n t  p a r t  of 
t h e  8-12;vm window ( t h e  903
1007-cm- range i s  e q u i v a l e n t  
t o  10-11.1 um) r e q u i r e s  i n t r o 
d u c t i o n  of  c o r r e c t i o n s  t h a t  
t a k e  account  of  t r a n s f o r m a t i o n
of t h e  under ly ing-sur face  r a d i a 
t i o n  by water vapor  and ae ro 
sols. It i s  a l s o  impor tan t  t o  
c o n s i d e r  t h e  r e a l  albedo of t h e  
ground s u r f a c e .  This  i s  a l s o  
e v i d e n t  from i n s p e c t i o n  of F i g .
3.9 [36],  which shows t h e  cor
r e c t i o n  AT f o r  t h e  nonblackness 
of t h e  r a d i a t i n g  s u r f a c e  as a 
f u n c t i o n  of e m i s s i v i t y  6 .  A i r 
c r a f t  measurements made by W .  
Marlatt C501, H.L. Clark  [ l o l l ,
and D. Lorenz [ l o 2 1  and o t h e r s  have 
mospheric- layer  t h i c k n e s s e s ,  t h e  c o r r e c t i o n  AT 

A-0  
fr 

-

0 0 -10.7 

-1,9 -1 .a -12.3 

-4.9 -2,8 -13.3 

-5,l -2,s -13,3 

-5,l -2.8 -13,3 

AT' 

6 

1 
2 

2 
I I 

O0*80 Q85 020 495 o.99'wa 

Figure  3 .9 .  E r r o r  i n  Underly
ing-Surface-Temperature De
t e r m i n a t i o n  f o r  Various Sur
f a c e  E m i s s i v i t i e s  i n  t h e  1151 
10.55-12.0-vm (1) and 3.5
4 .O-vm ( 2 )  In t e rva l s .  

shown t h a t  even a t  s m a l l  a t -
i s  q u i t e  cons ider 

a b l e  for t h e  8-12-vm window. 'According t o  D.  Lorenz [102] ,  this 
c o r r e c t i o n  becomes n e g l i g i b l e  only a t  d i s t a n c e s  of less  t h a n  
150 m from t h e  s u r f a c e .  



A s  for the  e m i s s i v i t y  c h a r a c t e r i s t i c s  o f  t he  under ly ing  s u r 
f a c e  and clouds i n  t he  va r ious  t r anspa rency  windows, we know tha t  
they  are h i g h l y  v a r i a b l e  and no t  a t  a l l  w e l l  unders tood .  If w e  
cons ider  on ly  t he  unde r ly ing  s u r f a c e ,  w e  can s t a t e  t h a t  i t s  e m i s 
s i v i t y  i s  less  v a r i a b l e  and l a r g e r  ( i n  many cases  p r a c t i c a l l y
equal  t o  u n i t y )  i n  t h e  8-12-vm range  t h a n  i n  t h e  n e a r  i n f r a r e d .  

L e t  us now examine t h e  c i rcumstances  t ha t  have a b e a r i n g  on 
a n a l y s i s  o f  t h e  e f f e c t s  o f  measurement e r r o r s  and c e r t a i n  o t h e r  
f a c t o r s .  It i s  shown i n  [36] t h a t  t h e  e r r o r  o f  a n  underlying-
s u r f  ace- temperature  de t e rmina t ion  depends n o t  only on measurement 
e r r o r s ,  bu t  a l s o  on the  exponent p, which c h a r a c t e r i z e s  t h e  s e n s i 
t i v i t y  o f  s u r f a c e  r a d i a t i o n  to t empera ture .  S ince  the  exponent 
n- dec reases  w i t h  i n c r e a s i n g  wavelength,  it becomes obvious t h a t  
for equa l  measurement e r r o r s ,  t h e  data f o r  t h e  shortwave window 
should  be more r e l i a b l e .  

6  


5 

4  


3 

2 - 


I -

Figure  3.10. E r r o r  AT 
o f Under l y i n g  Sur  f a c e  
Temper a t  u r e  D e t  er m i  na
t i o n  as a Funct ion  of 
Amount of Cloudage i n  
Radiometer F i e l d  i n  
10.55-12.O-pm ( 1) and 
3.5-4.0-pm ( 2 )  Bands. 

The a u t h o r s  o f  [36] estimated t h e  
i n f l u e n c e  of  unrecorded p a r t i a l  cloud 
cover  i n  t he  r ad iomete r  f i e l d  on t h e  
e r r o r  AT of  unde r ly ing  s u r f a c e  tem- 1 1 5 2  
p e r a t u r e  d e t e r m i n a t i o n  from data meas
ured  i n  t h e  3.5-4.0- and 10.55-12.0-pm 
t r anspa rency  windows. F igu re  3 .10  
shows t h e  r e s u l t s  o f  these c a l c u l a t i o n s  
( t h e  a b s c i s s a  i s  t h e  amount of cloudage
i n  t h e  f i e l d ,  expressed  as a f r a c t i o n  
of u n i t y ) .  A s  w e  see,  t h e  i n f l u e n c e  
of  c louds i s  cons ide rab ly  weaker i n  
t h e  3.5-4.0-pm band t h a n  i n  t h e  10.55
12.0-pm window. 

I n  summarizing t h e  above, w e  may
conclude t h a t  t h e  b a s i c  d e f i c i e n c i e s  
of t h e  3.5-4.0-pm t r anspa rency  window 
a r e  as f o l l o w s :  1) e x c e s s i v e l y  small 
ou tgo ing- rad ia t ion  v a l u e s  a t  low tem
p e r a t u r e s  ( v a l u e s  .near t h e  s e n s i t i v i t y
t h r e s h o l d  of r a d i a t i o n  d e t e c t o r s ) ,  2 )  
an excess ive ly  broad r ange  of v a r i a 
t i o n  of t h e  outgoing  r a d i a t i o n  as a 
f u n c t i o n  o f  s u r f a c e  tempera ture ,  and 3 )
t h e  s t r o n g  i n f l u e n c e  of  r e f l e c t e d  s o l a r  
r a d i a t i o n  du r ing  the  dayt ime.  These 

circumstances make the  3.5-4.0-pm window u s a b l e  only du r ing  the  
n i g h t  and when t h e  tempera tures  are no t  very low. I n  o t h e r  c a s e s ,  
p re fe rence  must be  g iven  t o  t h e  10.55-12.0- o r  8-12-pm i n t e r v a l ,  
bo th  o f  which are  more u n i v e r s a l ,  even though t h e y  are  i n f e r i o r  
i n  c e r t a i n  impor tan t  r e s p e c t s  t o  t h e  short-wave t r anspa rency  win
dow. 



Extens ive  c a l c u l a t i o n s  of r a d i a t i o n  tempera ture  w e r e  made i n  
[ 3 6 ]  f o r  t he  8-12- and 10.55-12.0-pm i n t e r v a l s  f o r  comparison w i t h  
a c t u a l  data on the under ly ing-sur f  ace and cloud-top tempera tures
from a e r o l o g i c a l  sounding data ob ta ined  a t  2 4  s t a t i o n s  i n  t h e  USSR; 
the v a r i a t i o n  o f  the  d i f f e r e n c e  between t h e  a c t u a l  and r a d i a t i o n  
tempera tures  w a s  analyzed as a f u n c t i o n  of weather c o n d i t i o n s .  
For a c l o u d l e s s  sky ,  t h i s  d i f f e r e n c e  (and ,  consequent ly ,  t h e  er- /153 
r o r  of  under ly ing-sur face- tempera ture  measurements uncorrec ted  f o r  
the i n f l u e n c e  o f  a tmospheric  t h i c k n e s s )  i s  g r e a t e s t  i n  t he  s u m m e r  
( r each ing  9-10" a t  n i g h t  and 12-17" du r ing  t h e  day ) ,  when t h e  
mois ture  con ten t  o f  t he  atmosphere i s  h igh .  The e r r o r  o f  tempera
t u r e  de t e rmina t ion  f o r  t h e  s u r f a c e s  of lower- leve l  c louds i s  p rac 
t i c a l l y  cons t an t  throughout  the y e a r ,  i n c r e a s i n g  s l i g h t l y  du r ing
t h e  summer months. The e r r o r s  of  tempera ture  measurement f o r  the  
10.55-12.0-pm i n t e r v a l  are cons ide rab ly  sma l l e r  t h a n  f o r  t h e  8-12
pm window (0.5-1.0" i n  w i n t e r ,  1.5-2.0" a t  n igh t  and 3-6" du r ing
t h e  day i n  summer). C l ima to log ica l  d i f f e r e n c e s  between t h e  a c t u a l  
and r a d i a t i o n  tempera tures  can b e  used as c o r r e c t i o n s  t o  d i r e c t l y
measured unde r ly ing  s u r f a c e  r a d i a t i o n  tempera ture  va lues .  

9 3 .  	A METHOD O F  I N T R O D U C I N G  CORRECTIONS FOR THE INFLUENCE O F  AT
MOSPHERIC THICKNESS I N  DETERMINING UNDERLYING-SURFACE TEM
PERATURES 

Having d i s c u s s e d  t h e  v a r i o u s  fundamental  a s p e c t s  of t h e  de
t e rmina t ion  of  under ly ing-sur face  tempera ture  from outgoing-rad ia
t i o n  data measured i n  t h e  atmosphere 's  t r anspa rency  windows, l e t  
us  now t u r n  t o  conc re t e  methods t h a t  have been proposed t o  account  
f o r  the  t r a n s f o r m a t i o n  of s u r f a c e  r a d i a t i o n  by t h e  t h i c k n e s s  of 
t h e  atmosphere.  

The r e s u l t s  c i t e d  i n  t h e  two p rev ious  s e c t i o n s  a t t e s t  t o  t h e  
complexity o f  computing c o r r e c t i o n s  f o r  a tmospheric  t h i c k n e s s ,
which r e s u l t s  from t h e  inadequacy of t h e  corresponding s p e c t r o 
scop ic  data and t h e  s p a r s i t y  o f  i n fo rma t ion  c h a r a c t e r i z i n g  t h e  
composition ( i n c l u d i n g  t h e  a e r o s o l  composi t ion)  and s t r u c t u r e  of 
t h e  atmosphere.  The n a t u r a l  consequence i s  tha t  exper imenta l
de t e rmina t ion  of t h e s e  c o r r e c t i o n s  i s  m o s t  r e l i a b l e .  

V.L.  Gayevskiy and Yu.1. Rabinovich [37] made a i r c r a f t  meas
urements of r a d i a t i o n  tempera tures  i n  t h e  Caspian Sea ,  Gulf of  
F in l and ,  and White Sea a r e a s  and above a snow-covered s u r f a c e  i n  
t h e  Leningrad r e g i o n  w i t h  a view t o  s o l v i n g  t h e  problem by p re 
c i s e l y  t h i s  approach. These measurements showed tha t  f o r  t h e  
8-12-pm t r anspa rency  window, t h e  c o r r e c t i o n  f o r  a tmospheric  t r a n s 
format ion  o f  s u r f a c e  r a d i a t i o n  ( t h e  a i r p l a n e ' s  c e i l i n g  was 6 k m )
reaches  i t s  15" maximum a t  a 3.6-cm-layer con ten t  of wa te r  vapor
i n  the t h i c k n e s s  of t h e  atmosphere.  A s  w e  see from comparison 
w i t h  t h e  c a l c u l a t e d  va lues  p r e s e n t e d  e a r l i e r ,  t h e  experiment
y i e l d s  s l i g h t l y  s m a l l e r  c o r r e c t i o n s ;  t h e  impor tan t  p o i n t  here i s  
tha t  t h e  e m i s s i v i t i e s  of water  and snow s u r f a c e s  a r e  p r a c t i c a l l y
u n i t y ,  s o  tha t  t h e  i n f l u e n c e  of s u r f a c e  nonblackness  i s  excluded /1,54 
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i n  t h i s  case .  

Analys is  of t h e  e x p e r i 
mental  data showed q u i t e  
sa ti sf a c t o r y  c o r r e l a t i o n  
between t h e  c o r r e c t i o n s  AT 
and the  measured r a d i a t i o n  
t empe ra tu r e  s Trad f o r  tha t  
p a r t i c u l a r  a tmospher ic  mois
t u r e  c o n t e n t .  The diagram
shown i n  F ig .  3 .11 can be 
p l o t t e d  w i t h  an a d d i t i o n a l  

F igu re  3.11. Diagram f o r  Deter- formula c o r r e c t i o n  t a k i n g  ac
minat ion o f  True Underlying-Sur- count o f  t h e  ozone l a y e r .  It 
f a c e  Temperature. shows the  c o r r e l a t i o n  rela

t i o n s h i p s  AT (Trad)  f o r  mois
t u r e  c o n t e n t s  o f  0 . 5 ,  1 . 0 ,  

2 . 0 ,  3 .0 ,  and 5.0 l a y e r  cen t ime te r s .  The data  of  F ig .  3 .11 can 
b e  used t o  apply the a tmospher ic - th ickness  c o r r e c t i o n s  AT t o  the  
measured r ad ia t ion - t empera tu res  Trad t o  o b t a i n  t h e  t r u e  under ly ing-
s u r f a c e  tempera tures .  The p o s s i b l e  e r r o r  o f  d e t e r m i n a t i o n  of t h e  
c o r r e c t i o n s  i s  k2.5' .  

According t o  s a t e l l i t e  measurements made by P.A.  Bazhul in ,  A .  
V. Kartashev,  and M . N .  Markov C2.51 f o r  t h e  8.5-12.5-um t r a n s 
parency window, t he  d i f f e r e n c e  between t h e  r a d i a t i o n  and a c t u a l  
tempera tures  of t h e  ear th ' s  s u r f a c e  v a r i e s  over  a broad r ange ,
sometimes r e a c h i n g  ( i n  20% o f  c a s e s )  30' and even ( o c c a s i o n a l l y )
60-70'. I n  most c a s e s  (50%) ,  AT * 15-20'K. The a u t h o r s  of [5]
concluded t h a t  t h e  e f f e c t i v e  t r anspa rency  o f  t he  atmosphere i n  
t h e  wavelength range cons idered  averages  about  50-75%. Although 
t h e  maximum va lues  o f  AT ob ta ined  i n  [SI are exagge ra t ed ,  t h e  data 
o f  t h i s  s tudy  g e n e r a l l y  es tabl ished beyond a doubt t h a t  t h e  t h i c k 
ness  o f  t h e  atmosphere i s  a n  e s s e n t i a l  f a c t o r .  

The comparisons of data from simultaneous ground, a i r c r a f t ,  
and s a t e l l i t e  measurements t h a t  a r e  made i n  [lO3, 1 0 4 1  a r e  of sub
s t a n t i a l  i n t e r e s t  from t h e  viewpoint of e s t i m a t i n g  t h e  e f f e c t s  of 
a tmospheric  t h i c k n e s s  and under ly ing-sur face- tempera ture  measure- /155 
ment e r r o r s .  The c h i e f  conc lus ion  drawn from these comparisons
i s  t h a t  t h e  observed d i s c r e p a n c i e s  are q u i t e  l a r g e  (here ,  of  
cour se ,  t h e  i m p o s s i b i l i t y  of  comparing t h e  data a l t o g e t h e r  cor
r e c t l y  i s  of major impor tance) .  What i s  e s s e n t i a l ,  however, i s  
t h e  f a c t  (which fo l lows  c l e a r l y  from t h e  a n a l y s i s  made i n  [1343)
t h a t  t h e  q u a l i t a t i v e  f e a t u r e s  of t h e  tempera ture  f i e l d  are always
brought  ou t  q u i t e  r e l i a b l y .  

M.S. Malkevich [38] proposed a t h e o r e t i c a l  method i n  which 
t h e  i n f l u e n c e  of t h e  i n t e r v e n i n g  atmospheric  l a y e r  i s  t a k e n  i n t o  
account  f o r  t h e  8-12-pm window by i n t r o d u c t i o n  of a s o - c a l l e d  
t r a n s f e r  func t ion .  The t r a n s f e r  f u n c t i o n  i s  d e f i n e d  by the  
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r e l a t i o n  C38-401 
t. 


Here J, ( 0 )  i s  the  outgoing r a d i a n t  i n t e n s i t y  , a t  f requency v a t  
,03 

an a n g l e  0 t o  t h e  v e r t i c a l ,  (p, i s  a f u n c t i o n  c h a r a c t e r i z i n g  t h e  
s p e c t r a l  s e n s i t i v i t y  of t h e  r ad iomete r ,  BV(Ts)  i s  t h e  P lanck  func
t i o n  f o r  t h e  under ly ing-sur face  tempera ture  Ts (it  i s  assumed 
t h a t  t h e  s u r f a c e  i s  a b s o l u t e l y  b l a c k ) ,  and w* and m* a re  t h e  e f 
f e c t i v e  water-vapor and ozone c o n t e n t s ,  r e s p e c t i v e l y ,  i n  t h e  
t h i c k n e s s  of t h e  atmosphere,  as computed by t h e  formulas  

where %.is  t h e  s p e c i f i c  humidi ty ,  2 i s  t h e  atmospheric  p r e s s u r e ,
and p o 3  i s  t h e  ozone concen t r a t ion .  The parameter  va lues  a r e  PO = 

= 1 0 0 0  mbar ,  a = 0 . 6 ,  and a1 = 0 . 4 .  The  l i m i t s  o f  i n t e g r a t i o n
( v l ,  v2)are  determined by t h e  r a d i o m e t e r ' s  s p e c t r a l - s e n s i t i v i t y  
range .  

I I I I I I 
1 2 3 4 5 6w 

F i g u r e  3 .12 .  T r a n s f e r  Func t ion  P l o t t e d  Against
Atmospheric Moisture  Content .  
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Figure  3.13. Map of Atmospheric T r a n s f e r  
Funct ion .  January ( 0  = 0 " ) .  

F i g u r e  3 .14 .  Map of Atmospheric T r a n s f e r  
Func t ion .  J u l y  ( 0  = 0 " ) .  
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Since t h e  f u n c t i o n  $ v  appears  i n  t h e  numerator and t h e  de
nominator o f  ( 3 . 1 ) ,  i t  i s  c l e a r  t h a t  t h e  dependence o f  PAv on t h e  
form o f  $v should  b e  r a the r  n o n e s s e n t i a l .  A s  f o r  the  dependences
of P A v  on w* and m*, t h e  former should  obvious ly  dominate i n  t he  

8-12-um window. W e  should  t h e r e f o r e  expect  the  t r a n s f e r  f u n c t i o n  
t o  be determined w i t h  accuracy s u f f i c i e n t  f o r  p r a c t i c a l  purposes
s o l e l y  by a tmospher ic  moi s tu re  c o n t e n t .  T h i s  conc lus ion  i s  con
f i rmed by V.G.  Boldyrev ' s  c a l c u l a t i o n s  [40] ,  t h e  r e s u l t s  of which 
appear  i n  Fig.  3.12. 

V.G. Boldyrev [39, 401  performed l a r g e - s c a l e  c a l c u l a t i o n s  o f  
t he  t r a n s f e r  f u n c t i o n  f o r  u se  i n  p l o t t i n g  a map o f  t he  geographic
d i s t r i b u t i o n  o f  PAv f o r  t h e  Northern Hemisphere a t  n a d i r  ang le s  8 / I56 
o f  0 ,  30, 45, 60 ,  72, and 7 8 O .  Figures  3.13 and 3.14 p r e s e n t  maps
of t h i s  type  f o r  January and J u l y  and 8 = 0 ( t h e  t r a n s f e r - f u n c t i o n  
va lues  are expressed  as p e r c e n t a g e s ) .  The t r a n s f e r - f u n c t i o n  
va lues  f o r  any o t h e r  n a d i r  ang le  can be  determined w i t h  s u f f i 
c i e n t  accuracy by t h e  fo l lowing  approximation formula:  

F igures  3.13 and 3 .14  i l l u s t r a t e  t h e  extremely complex geo
g raph ic  and s e a s o n a l  v a r i a b i l i t y  of t h e  t r a n s f e r  f u n c t i o n .  How
e v e r ,  a d e f i n i t e  dependence o f  PAv on l a t i t u d e  i s  observed:  i n  
g e n e r a l ,  i t  d iminishes  w i t h  d e c r e a s i n g  l a t i t u d e ,  obvious ly  as a n  
e f f e c t  of t h e  atmosphere 's  i n c r e a s i n g  moi s tu re  c o n t e n t .  The e f 
f e c t s  o f  t h e  c o n t i n e n t s  and oceans can b e  t r a c e d  on t h e  maps d i s 
p layed ,  a long w i t h  t h o s e  o f  c e r t a i n  anomalies ( t h u s ,  f o r  example,
t h e r e  i s  a d i s t i n c t  low ove r  Hindus tan) .  The l a r g e s t  annual  
v a r i a t i o n  o f  PAv i s  observed i n  m i d d l e  l a t i t u d e s  ( f o r  example, 
i t s  ampli tude r eaches  0.10-0.13 over  t h e  Urals and S i b e r i a ) .
N a t u r a l l y ,  t h e  s u b s t a n t i a l  space-time v a r i a b i l i t y  o f  t he  t r a n s f e r  
f u n c t i o n  makes i t  necessary  t o  use  t h e  most c o n c r e t e  c a l c u l a t e d  
'Av a v a i l a b l e  f o r  t h e  s t a t i o n s  and seasons concerned. V . G .  Bol
dyrev [ 4 2 ]  developed a computer method f o r  drawing under ly ing- /I58
sur face- tempera ture  maps i n  which t r a n s f e r - f u n c t i o n  data are used 
t o  apply a tmospher ic - th ickness  c o r r e c t i o n s .  

The  above c a l c u l a t e d  r e s u l t s  f o r  the  t r a n s f e r  f u n c t i o n  were 
ob ta ined  by t h e  use  of  c l i m a t o l o g i c a l  data on t h e  s t r a t i f i c a t i o n  
of the  atmosphere. M.S. Malkevich C38, 4 1 ,  431 proposed a method 
of c o r r e c t i n g  t h e  t r a n s f e r  f u n c t i o n  t o  take account  of a tmospheric
s t r a t i f i c a t i o n  ( v e r t i c a l  t empera ture  and humidi ty  p r o f i l e s )  as de
termined from a p r i o r i  s t a t i s t i c a l  i n fo rma t ion  ( t h e  a u t o c o r r e l a - ' 

t i o n  and mutual c o r r e l a t i o n  f u n c t i o n s  of  the tempera ture  and 
spec i f ic -humidi ty  f i e l d s )  i n  combination w i t h  data from underly
ing-sur face- tempera ture  de t e rmina t ions  ( i n  t h e  sense  o f  a f i rs t  
approximation,  i .e.  , a t  f i rs t  wi thou t  cons ide r ing  the  i n f l u e n c e  



o f  s t r a t i f i c a t i o n ) .  

TABLE 3.13. TRANSFER FUNCTION ACCORDING TO MEAS
UREMENT DATA AND CALCULATIONS 

Transfer Function 
-~Flight

No. 


1 3rm 
2 15MJ 
3 4500 
4 4590 
5 45cm 

4 0,915
3,5 0,927
9 0.832 
9 0.837 

12 0,792 

~ ~ 

1,005 1.005
0,983 0.990 
0,976 0,986
0,942 0,
0,959 0,962 

We must, however, s tress t h e  perhaps  obvious f a c t  t h a t  no 
c a l c u l a t e d  t r a n s f e r  f u n c t i o n  v a l u e  can be cons idered  a l t o g e t h e r
r e l i a b l e , b e c a u s e  of t h e  approximate n a t u r e  of t h e  c a l c u l a t i o n s .  
T h i s  p o i n t  i s  demonstrated convinc ingly ,  f o r  example, by t h e  
a i r c r a f t  measurements o f  outgoing r a d i a n t  f l u x  made i n  t h e  8-12
um t r anspa rency  window a t  a l t i t u d e s  up t o  4500 m by A .  K .  Goro
d e t s k i y ,  A . S .  Gurvich,  and A.V. Migulin [l07]. T a b l e  3 .13 pre
s e n t s  r ad ia t ion - t empera tu re  d i f f e r e n c e s  AT measured by these 
a u t h o r s  a t  l e v e l s  from 50 m up t o  t h e  sounding c e i l i n g  t o g e t h e r
w i t h  t r a n s f e r - f u n c t i o n  v a l u e s  ob ta ined  from experiment  ( P ) ,  c a l 
c u l a t e d  by two methods ( P I  and Pz), and t aken  from V.G. Boldyrev 's
c l i m a t o l o g i c a l  data C40l (F). 

The c a l c u l a t e d  t r a n s f e r - f u n c t i o n  va lues  a re  found t o  b e  sys
t e m a t i c a l l y  h igh ,  i n d i c a t i n g  that' a t t e n u a t i o n  o f  t h e  s u r f a c e  radia
t i o n  by the  t h i c k n e s s  o f  t h e  atmosphere was n o t  f u l l y  taken  i n t o  
account .  Another impor tan t  p o i n t  i s  tha t  comparison o f  t h e  meas
ured  and c a l c u l a t e d  v e r t i c a l  rad ia t ion- tempePature  p r o f i l e s  shows /I59
much more smoothing of t h e  c a l c u l a t e d  v a l u e s  (from t h e  s t andpo in t
o f  t h e  a l t i t u d e  depeneence) as compared w i t h  t h e  exper imenta l
va lues .  

The inadequacy ( exagge ra t ion )  of  t h e  c a l c u l a t e d  t r a n s f e r  
f u n c t i o n  f o r  the  8 - 1 2 ~ 1window as compared w i t h  the  a c t u a l  va lue  
was a l s o  d e t e c t e d  by A . K .  Gorodetskiy,  Ye.F. Klimchuk, and M.S. 
Malkevich [l51] i n  a n a l y s i s  of data measured on t h e  Kosmos 1 4 9  
s a t e l l i t e .  T h e i r  conclus ion  was t h a t  the a e r o s o l  e f f e c t  i s  the  
p r i n c i p a l  cause of  t h e  observed d isagreements .  

The a i r c r a f t  measurements o f  A . V .  Migulin [ lo81  showed t h a t  
the t r ans fo rma t ion  of r a d i a t i o n  from the unde r ly ing  s u r f a c e  by t h e  
atmosphere drops  o f f  s h a r p l y  i f  t h e  measurements are made i n  t h e  
narrower 10-12-pm wavelength i n t e r v a l .  F l i g h t s  a t  a l t i t u d e s  up t o  
5 k m  over t he  Caspian Sea dur ing  atmospheric  i n v e r s i o n s  showed 
that  the r a d i a t i o n  tempera ture  remains p r a c t i c a l l y  c o n s t a n t  i n  
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t h i s  c a s e  up t o  t h e  sounding c e i l i n g .  

D. Wark, G. Yamamoto, and J .  Lienesch C441 developed a method 
f o r  a p p l y i n g  a tmospher ic - th ickness  c o r r e c t i o n s  to t h e  measured 
r a d i a t i o n  tempera ture  f o r  r e d u c t i o n  of measured outgoing-radia
t i o n  data ob ta ined  i n  t h e  8-12-pm t r anspa rency  window w i t h  t h e  
T i r o s  f ive-channel  rad iometer .  T h i s  method i s  based on t h e  use  
o f  c a l c u l a t e d  r e s u l t s  for t h e  outgoing  r a d i a t i o n  i n  t h e  t r a n s 
parency window (wi th  c o n s i d e r a t i o n  o f  rad iometer  s p e c t r a l  s e n s i 
t i v i t y )  f o r  106 d i f f e r e n t  a tmospheric  s t r a t i f i c a t i o n  models. 
Analysis  of  the  c a l c u l a t e d  data f o r  t he  T i r o s  I1 weather sa te l 
l i t e  r ad iomete r  showed t h a t  t he  fo l lowing  approximation i s  f u l l y
s a t i s f a c t o r y :  

(3.3) 


Here Ts i s  the  t r u e  s u r f a c e  tempera ture ,  and Trad(8)  i s  t h e  
r a d i a t i o n  tempera ture  measured a t  n a d i r  ang le  8. T h e  c o e f f i c i e n t s  
tl and C depend on 8 ( 0  i s  expressed  i n  d e g r e e s ) :  

9 r  = 1 -- 1,olg.  10-7 .-pa 
c :  - 1 -1- 7,50 . IO-' . @. 

The parameter  K = 516, C = 350, and H = 3.9. The c o e f f i c i e n t  
D depends on atmospheric  moi s tu re  con ten t  and v a r i e s  i n  the  r ange
from 1.000 t o  1.069, averaging  1.040. 

N a t u r a l l y ,  use  o f  Formula (3 .3)  t o  r educe  conc re t e  data i n 
volves  t he  use of e x c e s s i v e l y  fa r - ranging  averaging .  The a l r e a d y
noted v a r i a b i l i t y  of AT r e q u i r e s  a l a r g e  amount of d e t a i l i n g  as a 
f u n c t i o n  o f  geographic  c o n d i t i o n s  and t ime of y e a r .  T h i s  i s  done /160
i n  0 .  L h n q v i s t ' s  paper  [45] by computing t h e  c o r r e c t i o n s  AT w i t h  
the  a i d  of  a s p e c i a l l y  p l o t t e d  r a d i a t i o n  nomogram p repa red  f o r  
c a l c u l a t i o n  of t h e  outgoing  r a d i a t i o n  i n  t h e  7.5-13.5-um t r a n s 
parency window ( w i t h  c o n s i d e r a t i o n  of  rad iometer  s p e c t r a l  s e n s i 
t i v i t y ) .  T a b l e  3.14, which i s  borrowed from [45], c h a r a c t e r i z e s  
t h e  c o r r e c t i o n s  (AT)e  as f u n c t i o n s  of a tmospheric  s t r a t i f i c a t i o n .  

From t h e  s t a n d p o i n t  of the  r e s u l t s  shown i n  F i g s .  3.13 and 
3.14, w e  may assume t h a t  i t  would be a d v i s a b l e  i n  t h i s  case  t o  
c o n s t r u c t  maps of  t h e  geographic  d i s t r i b u t i o n  o f  AT f o r  v a r i o u s  
seasons  (maps of t h i s  k ind  were prepared  by V.G. Boldyrev f o r  t h e  
Northern Hemisphere). 

S t a t i s t i c a l  c o r r e l a t i o n  l i n k s  between the  outgoing r a d i a t i o n  
i n  t h e  8-12-vm a tmospher ic  t r anspa rency  window, underlying-sur
f a c e  t empera tu re ,  and o t h e r  parameters  were s t u d i e d  i n  a number o f  
p u b l i c a t i o n s  ( f o r  example, C60, 613). Using data from a e r o l o g i c a l
soundings over  t h e  USSR, V.V. Puchkov and S . I .  T i t o v  1611 



TABLE 3.14. CORRECTION (AT),
0 

A S  A FUNCTION OF ATMOSPHERIC 
STRATIFICATION 

Atmosphere model r, o c  

(0-10. ANe lat.) 4727.7 11.6 15.0 
B 

(30-40ON. lat.) -1- 13,O 7.2 9.3 
C 

(5-60' N. lat.) , -5.0 4.3 5.5 
D 

(desert) $39,0 8.8 11.3 
E 

$27.0 13,3 17.5 

i ng - su r face  tempera ture  i s  0 .92 .  
r a d i a t i n g  a b l a c k  body 

performed l a r g e - s c a l e  c a l c u l a 
i i o n s  o f  t h i s - t y p e .  Table  3.15 
shows va lues  t h a t  they ob ta ined  
f o r  t he  mutual c o r r e l a t i o n  co
e f f i c i e n t s  of  a number of param
eters .  The nomenclature i s  as 
fo l lows :  Ts,  T 2 ,  and T4 are t h e  
a i r  tempera tures  at  a l t i t u d e s+ +o f  0 ,  2, and 4 km; Fo, F 2 ,  F4+ 
are  the  ascending  r a d i a n t  
f l u x e s  from t h e  s u r f a c e s  a t  t h e  
same l e v e l s ,  Fm i s  t h e  outgoing
r a d i a t i o n ,  and woo i s  the ef
f e c t i v e  moi s tu re  con ten t  of t h e  
e n t i r e  t h i c k n e s s  of atmosphere.  

A s  t h i s  t ab l e  shows, t h e  /161
c o r r e l a t i o n  c o e f f i c i e n t  between 
outgoing  r a d i a t i o n  and underly

o f  s o l i d  c loudI n  the p resence  
cover  as a t  t he  tempera ture  a t  cloud-top
l e v e l  ( 2  o r  4 k m ) ,  t h e  c o r r e l a t i o n  c o e f f i c i e n t  i n c r e a s e s  to 0.95. 
T h i s  means t h a t  c o r r e l a t i o n  l i n k s  o f  t h i s  type  can be  used f o r  
approximate de t e rmina t ion  of under ly ing-sur face  tempera ture  from 
measured ou tgo ing- rad ia t ion  va lues  ( w i t h  even b e t t e r  r e s u l t s  when 
they  are de t a i l ed  f o r  the  s p e c i f i c  observ ing  c o n d i t i o n s ) .  It i s  
shown i n  [61] t ha t  t h e  e r r o r s  of sur face- tempera ture  r e t r i e v a l  by
t h i s  method do no t  exceed k2.5' i f  the  c o r r e l a t i o n  c o e f f i c i e n t s  
are ob ta ined  from o b s e r v a t i o n a l  data acqu i red  w i t h i n  a r a d i u s  of 
no more t h a n  50-100 k m  from t h e  p o i n t  i n  q u e s t i o n  ( t h i s  c o n d i t i o n  
i s ,  o f  cour se ,  a very  s t i f f  one) .  

TABLE 3.15. MUTUAL CORRELATION COEFFICIENTS FOR 
A SERIES OF PARAMETERS 

-. I-

TI ra pot 4 
__-

1 0,42 0.92 -
0,56 0,62 0,47 0,95 

0,42 1 0.44 -
0,92 0,44 1 0,68 

- - 0.68 1 

- 0,95 0.58 0.91 

0,92 - O,i6 
0,73 - 0.72 
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T a b l e  3.15 shows tha t  the  c o r r e l a t i o n  c o e f f i c i e n t  between 
outgoing r a d i a t i o n  and e f f e c t i v e  atmospheric  moi s tu re  con ten t  i s  
a l s o  s o  l a r g e  (0.73) a s  t o  pe rmi t  approximate e v a l u a t i o n  of woo 
from t h e  measured FoD. 

P r a c t i c a l  t e s t s  of methods f o r  apply ing  atmospheric- thick
ness  c o r r e c t i o n s  i n  t h e  8-12-pm t r anspa rency  window showed t h a t  
the e r r o r  of  t he  f i n a l  under ly ing-sur face- tempera ture  determina
t i o n  does n o t ,  as a r u l e ,  exceed + 5 O .  However, i t  must be  
stressed tha t  t h e  tempera tures  determined from s a t e l l i t e  data 
were compared w i t h  t h e  r e s u l t s  of ground tempera ture  measurements 
i n  a Stevenson s c r e e n .  T h a t  t h i s  comparison method i s  not  a l t o 
g e t h e r  c o r r e c t  cannot  b e  d i s p u t e d .  

V. Kunde E301 developed 
a method s imi l a r  to tha t  pro
posed i n  [ 4 4 ]  for c o r r e c t i o n  
i n  the  shortwave 3.5-4.1-um 
t r anspa rency  window, which i s  
used i n  t he  i n f r a r e d  scanning
equipment of t h e  Nimbus satel
l i t e s .  A s  w a s  shown i n  §1 of 
t h e  p r e s e n t  c h a p t e r ,  t h e  s h o r t 
wave window i s  much more t r a n s 
p a r e n t  t h a n  t h e  8-12-pm win
dow. For  t h i s  r e a s o n ,  T = -
- Ts - Trad w a s  c a l c u l a t e d  as 
a f u n c t i o n  of n a d i r  a n g l e  8 
for only th ree  a tmospher ic
models : t r o p i c a l ,  a r c t i c ,  and 
s t a n d a r d  (ARDC-1959). The re
s u l t s  of the  c a l c u l a t i o n s ,
which appear  i n  F i g .  3.15, 
i n d i c a t e ,  however, t h a t  even 
i n  t h i s  c a s e  t h e  i n f l u e n c e  of 
a tmospheric  t h i c k n e s s  remains 
s u b s t a n t i a l ,  e s p e c i a l l y  large 

0 ,  
I 
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Figure  3.15. Cor rec t ion  AT as a 
Funct ion  of Nadir Angle for V a r 
i o u s  Atmospheric Models. 1)
''Dry" a r c t i c  (Ts = 246OK); 2 )  
s t a n d a r d  ARDC-1959 (Ts = 288OK); 
3 )  "moist" t r o p i c a l  (Ts = 305OK). 

a t  n a d i r  ang le s .  While AT :0.3OK 
a t  8 < 75O i n  t he  c a s e - o f  t h e  a r c t i c  atmosphere,  t h e  c o r r e c t i o n  
i n c r e a s e s  t o  8 . 0 O ~a t  8 = 75O under t rop ica l -a tmosphere  condi
t i o n s .  If w e  l i m i t  o u r s e l v e s  t o  s i g h t i n g  d i r e c t i o n s  n e a r  t h e  
n a d i r ,  t h e n  AT < 2 O K  i n  a l l  c a s e s ,  p rovided  t h a t  t h e  r a d i a t i n g
s u r f a c e  i s  a b s o i u t e l y  b l ack .  If t h e  e m i s s i v i t y  8 = 0.9,  AT i n 
c r e a s e s  by about  2 O  a t  s m a l l  n a d i r  ang le s .  

The advantages  of t he  shortwave over  t h e  long  wave t r a n s 
parency window are  c l e a r l y  e v i d e n t  from i n s p e c t i o n  of F i g .  3.16, 
which shown r e s u l t s  c a l c u l a t e d  by V .  Kunde [30] for t he  3.5-4.1-pm
(Nimbus I )  and 8-12-pm ( T i r o s  VII) t r anspa rency  windows for t h e  
s t a n d a r d  atmospheric  s t r a t i f i c a t i o n  and an e m i s s i v i t y  8 = 1. A s  
w e  see, AT v a r i e s  from 1 . 4  t o  4.8O i n  t h e  case  of t h e  shortwave 
window, w h i l e  t h e  AT for t h e  longwave window va ry  from 9.2 to 
14.9O as the  n a d i r  a n g l e  v a r i e s  i n  t he  0-75' range .  According t o  



s p e c t r a l  l i n e s  
of t h e  water-vapor band i n  t h i s  i n t e r v a l :  The c o n t r i b u t i o n  of  
these l i n e s  t o  t he  cont inuous  a b s o r p t i o n  c o e f f i c i e n t ,  which e q u a l s
0.092 cm2g-l, i s  only  0.003, i . e . ,  t h e  o v e r - a l l  a b s o r p t i o n  coef
f i c i e n t  i s  0.095 cm2g-l ( these data p e r t a i n  t o  a t empera tu re  T = 
= 273°K). F igure  3.17 p r e s e n t s  r e s u l t s  o b t a i n e d  as the  a e r o s t a t  
c a r r y i n g  the spec t romete r  d r i f t e d  a t  an  a l t i t u d e  o f  about  30 km. 
The b a l l o o n  was launched a t  P a l e s t i n e ,  Texas on 11 September 1964. 
R a d i a t i o n  temperatures were computed from the  ae ro log ica l - sound ing
data w i t h  t h e  a b s o r p t i o n  c o e f f i c i e n t  stated above. Su r face  t e m 
p e r a t u r e s  were measured s imul t aneous ly  w i t h  a t h e r m i s t o r  and 
rad iometer .  

I n s p e c t i o n  of F ig .  3.17 shows tha t  the  agreement between the  /I64
measured and computed r a d i a t i o n - t e m p e r a t u r e  v a l u e s  i s  q u i t e  sa t is
f a c t o r y .  As t h e  a e r o s t a t  passed over  a high cumulonimbus cloud,  
t h e  t r a n s m i s s i o n  o f  r a d i a t i o n  by t h e  o v e r l y i n g  t h i c k n e s s  of  atmos
phere was p r a c t i c a l l y  u n i t y  (0 .9997) ,  s o  t h a t  curves  1 and 2 coin
c i d e  i n  t h i s  case .  The water-vapor con ten t  i n  t he  e n t i r e  t h i c k 
n e s s  of atmosphere amounted t o  5.4 layer  cm. A s  a r e s u l t ,  t h e  
c o r r e c t i o n s  t o  the  measured r a d i a t i o n  temperature were subs tan
t i a l  even when t h i s  most t r a n s p a r e n t  par t  o f  t he  8-12-pm window 
was used.  An a t t empt  t o  use  c l i m a t o l o g i c a l  aero logica l - sounding
data t o  compute AT i n s t e a d  of t he  r ea l  s t r a t i f i c a t i o n  produced 
e r r o r s  va ry ing  from O.5O i n  the  morning t o  1.7" a t  noon. Varia
t i o n s  o f  t he  a b s o r p t i o n  C o e f f i c i e n t  i n  a range  o f  +lo% cause sur 
f a c e  temperature d e t e r m i n a t i o n  e r r o r s  n o t  i n  excess  of lo. 

1 48 

Or 


F i g u r e  3.16. Cor rec t ions  AT as 
Funct ions  of Nadi r  Angle f o r  t he  
3.5-4.1-pm (1) and 8-12-pm ( 2 )
Transparency Windows f o r  Stan
dard Atmospheric S t r a t i f i c a t i o n  
(ARDC-19 59 ) 

s p e c t r a l  i n t e r v a l  around t h e  wave 
the  s e l e c t i v e  a b s o r p t i o n  by water 
are only t h e  two f a i n t  896.6-cm-' 

1[ l o o ] ,  t h e  accuracy  o f  under
l y i n g - s u r f a c e  t empera tu re  de
t e r m i n a t i o n s  w i t h  the  radiom- 1163 
e t e r  on the  Nimbus I1 satel
l i t e  (3.4-4.2-pm window)
ranged  from *1 t o  + 2 O K  w i t h  
l-5OK c o r r e c t i o n s  f o r  t he  
i n t e r v e n i n g  l a y e r .  Direct 
comparisons o f  s a t e l l i t e  
data w i t h  t h e  r e s u l t s  of 
r a d i o m e t r i c  measurements from 
low-f ly ing  a i r c r a f t  y i e lded  
a root-mean-square d e v i a t i o n  
of 2.3" on ave rag ing  over  288 
pairs  o f  measured v a l u e s .  

F. Saiedy and D.T. H i l 
leary [531 us.ed a s a t e l l i t e  
i n f r a r e d  spec t romete r  ( t h e  
SIRS o f  Tab le  2 . 1 )  t o  deter
mine under ly ing-sur face  t e m 
p e r a t u r e ,  s e l e c t i n g  f o r  the  
purpose an 8.75-cm-l-wide 

number 899 cm-' (11.1pm) ,  where 
vapor i s  i n s i  n i f i c a n t .  There 
and 897.8-cm-' 

. 
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Figure  3.17. Determinat ion of Underlying-Surface
Temperature from Aerostat-Spectrometer  Data. P a l e 
s t i n e ,  Texas,  11 September 1 9 6 4 .  1) Measured 
r a d i a t i o n  tempera ture  ; 2 )  r a d i a t i o n  tempera ture
computed t h e o r e t i c a l l y  w i t h  c o n s i d e r a t i o n  of  a t 
mospheric- thickness  e f f e c t ;  3) a i r  tempera ture  i n  
Stevenson s c r e e n ;  4 )  t empera ture  measured w i t h  
t h e r m i s t o r  at  h e i g h t  o f  1-2 mm above s o i l  s u r f a c e ;
5 )  t empera tu re  measured w i t h  r ad iomete r  30 cm 
above s u r f a c e .  

J.  A d e m  [ 6 6 ]  proposed an approximate method f o r  determina
t i o n  o f  t h e  monthly-average or s e a s o n a l  anomalies  of underlying-
s u r f a c e  tempera ture  and t h e  mean-level tempera ture  from a n a l y s i s
of t h e  energy e q u a t i o n  of t h e  ear th ' s  surface/atmosphere system
us ing  s a t e l l i t e  data  on t h e  outgoing longwave r a d i a t i o n ,  t h e  
sys tem's  a lbedo ,  and t h e  e x t e n t  of cloud cover .  It i s  assumed 
t h a t  t h e  e a r t h ' s  s u r f a c e ,  the  c louds ,  and the  atmosphere ( excep t
f o r  the  8-13-vm t r anspa rency  window) r a d i a t e  as a b l a c k  body.
S ince  s o l u t i o n  of  t h e  problem r e q u i r e s  data on t h e  tempera ture
f o r  t h e  p reced ing  month or season ,  i t  i s  proposed t ha t  t h e  cor
responding  c l i m a t i c  v a l u e s  f o r  t he  month or seaon i n  q u e s t i o n  be 
s u b s t i t u t e d  for them. 

I n  summarizing o u r  d i s c u s s i o n  of  t h e  problem o f  a l lowing  f o r  
a tmospheric  t h i c k n e s s  i n  de te rmining  under ly ing-sur face  tempera
tures ,  i t  must be  stressed tha t  even when the  most t r a n s p a r e n t  
segments o f  .the t r anspa rency  windows are s e l e c t e d ,  a p p l i c a t i o n  of 
c o r r e c t i o n s  f o r  t r a n s f o r m a t i o n  o f  t h e  s u r f a c e  r a d i a t i o n  by the  
atmospheric  t h i c k n e s s  remains e s s e n t i a l .  Moreover, these co r rec 
t i o n s  must be determined i n  a l l  c a s e s  w i t h  t he  f u l l e s t  p o s s i b l e
c o n s i d e r a t i o n  of  t h e  s p e c i f i c  a tmospheric  s t r a t i f i c a t i o n .  The  
in fo rma t ion  t h a t  i s  used here on the  e m i s s i v i t i e s  of  v a r i o u s  

4 




--- 

ground-surface types  and the  a t t e n u a t i o n  of i n f r a r e d  r a d i a t i o n  by
the t h i c k n e s s  of t he  atmosphere i s  s t i l l  admi t t ed ly  inadequate .  

$4. 	 J O I N T  SOLUTION O F  THE PROBLEMS OF DETERMINING UNDERLYING-SUR-
FACE TEMPERATURE AND TROPOSPHERIC MOISTURE CONTENT 

The r e s u l t s  examined i n  t h e  preceding  s e c t i o n  i n d i c a t e  t h a t  
c o r r e c t  convers ion  from d i r e c t l y  measured r a d i a t i o n  tempera tures  
Trad t o  t r u e  under ly ing-sur face  tempera tures  Ts depends t o  a major 
degree on the  a v a i l a b i l i t y  of i n fo rma t ion  on the  moi s tu re  con ten t  
o f  the  atmospheric  l a y e r .  T h i s  n a t u r a l l y  s u g g e s t s  t h e  expediency
of f i n d i n g  a combined s o l u t i o n  o f  the problem, w i t h  s imultaneous 
de t e rmina t ion  of  b o t h  tempera ture  and moi s tu re  c o n t e n t .  The first 
attempts a t  such a combination s o l u t i o n  were made by F. Mcller 
C46, 47 ,  1521 and were l a t e r  advanced f u r t h e r  by E .  Raschke C48
521. B.D. Panin  C96, 1091 proposed an i n t e r e s t i n g  s o l u t i o n  t o  

problem.t h i s  
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f o r  Ca lcu la t ion  of  Tem-Underlying-Surface 
p e r a t u r e  Humidity. a )  Atmosphere I (ARDC-1959) ; b )
atmosphere I1 ( s u b t r o p i c a l ) ;  c )  atmosphere I11 ( t r o p i c a l ) ;  1)
channel  1 (5.6-6.8 p m ) ;  2 )  channel  2 (7.5-13.5 p m ) ;  3 )  d i f f e r e n c e  
o f  r ead ings  (12-32.5 pm). 



Avai lab le  c a l c u l a t e d  ou tgo ing- rad ia t ion  data for t h e  5.8
6.8-pm (channel  1 of t he  f ive-channel  r ad iomete r  on the  T i r o s  
s a t e l l i t e s ) ,  8-13-pm (channe l  2 ) ,  7.5-32.5-vm (channel  4 ) ,  and 
12-32.5-pm r e g i o n s  of t h e  spectrum ( d i f f e r e n c e  of r ead ings  for 
channels  4 and 2 )  can b e  used t o  p l o t  i s o l i n e s  of c a l c u l a t e d  
ou tgo ing- rad ia t ion  (or r a d i a t i o n - t e m p e r a t u r e )  v a l u e s  w i t h  s u r f a c e  
tempera ture  and r e l a t i v e  humidity as coord ina te s  ( F i g .  3 .18) .  If 
r e l a t i v e  humidity i s  p l o t t e d  a g a i n s t  t he  a x i s  of o r d i n a t e s  and 
s u r f a c e  tempera ture  a g a i n s t  t h e  a x i s  of a b s c i s s a s ,  the  channel  2 
i s o l i n e s  are found t o  be p r a c t i c a l l y  p a r a l l e l  t o  t h e  a x i s  of o r d i 
n a t e s .  Having t h e  measured ou tgo ing- rad ia t ion  va lue  ( e f f e c t i v e  /167 
r a d i a t i o n  t empera tu re ) ,  w e  can t h e r e f o r e  use t h i s  nomogram t o  
f i n d  t h e  s u r f a c e  tempera ture .  Next, r e f e r r i n g  t o  t h e  channel  1 
i s o l i n e s ,  w e  can use the  known s u r f a c e  tempera ture  v a l u e  t o  deter
mine t h e  r e l a t i v e  humidi ty  i n  t h e  upper half  of t h e  t roposphe re .  
The d i f f e r e n c e  of t h e  rad iometer  r ead ings  for channels  1 and 2 
w i t h  r e s p e c t  t o  channel  4 g i v e s  t h e  r e l a t i v e  humidity for t h e  
lower p a r t  o f  the  t roposphe re .  

F. M6ller and E .  Raschke [48] showed t h a t  t h e s e  i s o l i n e s  
should be  c o n s t r u c t e d  for v a r i o u s  models of  t h e  atmosphere pe r 
t a i n i n g  t o  d e f i n i t e  l a t i t u d e  b e l t s  and should  t h e n  be a p p l i e d  t o  
s p e c i f i c  o b s e r v a t i o n a l  c o n d i t i o n s .  F igu re  3.18 shows t h e  cor re
sponding nomograms for s t a n d a r d ,  s u b t r o p i c a l ,  and t r o p i c a l  atmos
phe res .  Using t h e  d e s c r i b e d  method of c a l c u l a t i o n ,  E .  Raschke 
and J .  Tannhguser [52] used T i r o s  I11 d a t a  from t h e  f i rs t  s i x  
weeks of  t h i s  s a t e l l i t e ' s  a c t i v e  l i f e  t o  c o n s t r u c t  q u a s i p l a n e t a r y
d i s t r i b u t i o n s  of under ly ing-sur face  tempera ture  and r e l a t i v e  
h u m i d i t y  for the  upper t roposphe re .  

T h i s  method i s  a l s o  a p p l i c a b l e  for de te rmina t ion  of water-
vapor con ten t  i n  t h e  atmospheric  t h i c k n e s s  by t h e  formula 

m 

( 3 . 4 )  

where T ( z )  i s  t h e  v e r t i c a l  t empera ture  p r o f i l e  ( t h e  p r o f i l e  c o r r e 
sponding t o  t h e  s t a n d a r d  atmosphere for t h e  tempera ture  v a l u e  a t  
l e v e l  -z t aken  from o b s e r v a t i o n a l  data  may be used h e r e ) ;  e s ( T ( z ) )  
i s  t h e  s a t u r a t i o n  water vapor  p r e s s u r e ,  r ( z )  i s  t h e  r e l a t i v e  
humidi ty ,  R* i s  t h e  unve r sa l  gas  c o n s t a n t ,  and % i s  t h e  molecular  
weight o f  water vapor .  

The l e v e l  of t h e  500-mbar s u r f a c e  can be t aken  as 2 i n  view 
of t he  f a c t  t h a t  t h e  ou tgo ing  r a d i a t i o n  i n  t h e  6-6.5-vm r e g i o n  i s  
shaped c h i e f l y  by the  layers o f  t h e  atmosphere above t h i s  l e v e l . '  
L e t  u s  cons ide r  an example i n  which F. M6l l e r ' s  method i s  a p p l i e d .  

Let us assume t h a t  t h e  fo l lowing  e f f ec t ive - t empera tu re  v a l u e s  
have been ob ta ined  from o b s e r v a t i o n a l  data:  
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Channel Temperature,  OK 

1 237.5 k 2.5 
2 272.5 k 2 . 5  

(4-2 1 257.5 * 2.5 

Using the  set  o f  three nomograms c o n s t r u c t e d  by E .  Raschke /16 8 
for three atmosphere models, w e  o b t a i n  t h e  r e s u l t s  t h a t  appear
i n  T a b l e  3.16. 

TABLE 3.16. EXAMPLE 
RELATIVE HUMIDITY 
Atmosphere model 1 

I 
I1 

I11 

I 
I1 

I11 

A s  w e  see,  the  

OF DETERMINATION OF SURFACE TEMPERATURE 	AND 

.-_--'
Sur face  Temperature,  OC I R e l a t i v e  Humidity, % 

Channels 1 and 2 

9 
8 
7 

Channels 2 and (4 -2 )  
7 
6 . 5  
6 

40 
45 
55 

2 2  

s u r f a c e  tempera ture  s l i g h t l y
t r a n s i t i o n  from model I t o  model 111, whi l e  r e l a t i v e  humidity
i n c r e a s e s .  

Using a s t a t i s t i c a l  absorpt ion-band model, T .  Krishnamurt i ,  
A .  Pape t ty ,  and M. To r re s  [65] analyzed ou tgo ing- rad ia t ion  data 
measured i n  t h e  6.3-vm water-vapor band w i t h  t h e  f ive-channel  
rad iometer  on t h e  T i r o s  I11 weather s a t e l l i t e  w i t h  t h e  o b j e c t  of 
de te rmining  t h e  a tmosphere ' s  t r a n s m i s s i o n  of r a d i a t i o n  i n  t h i s  
r eg ion  of t h e  spectrum; t h e y  de r ived  a s imple  formula expres s ing  
t h e  t r a n s m i s s i o n  f u n c t i o n  i n  terms of  t he  measured e f f e c t i v e  t e m 
p e r a t u r e  and t h e  under ly ing-sur face  tempera ture  on t h e  assumption
t h a t  t h e  layer  o f  t h e  atmosphere e m i t t i n g  r a d i a t i o n  i n  the 6.3-pm
band i s  a t  t h e  average of these two t empera tu res .  T h i s  formula 
w a s  a p p l i e d  i n  [65] to o b t a i n  a r e l a t i o n s h i p  f o r  de t e rmina t ion  of  
t h e  t o t a l  water-vapor con ten t  i n  t he  t h i c k n e s s  o f  t he  atmosphere.  

Comparison o f  mois ture-content  r e s u l t s  c a l c u l a t e d  from out
go ing- rad ia t ion  measurements and a e r o l o g i c a l  sounding data  i n d i 
c a t e d  t h a t  t h e  atmospheric  moi s tu re  con ten t  a t  50% atmospheric
t r a n s m i s s i o n  f o r  t h e  6-6.5-vm band i s  1 .45  g/cm2. It i s  impor
t a n t  t o  n o t e  t ha t  t h e  t r a n s m i s s i o n  o f  r a d i a t i o n  i n  t h i s  band i s  
h i g h l y  v a r i a b l e  w i t h  f l u c t u a t i o n s  i n  mois ture  c o n t e n t ,  diminish
i n g ,  f o r  example, from 45 to 30% as t h e  water-vapor con ten t  r ises  
from 1 . 5  to 3.0 g/cm2. 
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S. F r i t z  and P.K. Rao [64]  pub l i shed  a c r i t i q u e  of  t he  method 
proposed by F .  MSller and E. Raschke C42-461 f o r  de t e rmina t ion  of 
under ly ing-sur face  t empera tu re  and t r o p o s p h e r i c  humidity i n  which 
they  d i scussed  the p o s s i b i l i t y  o f  u s i n g  t h e  r e s u l t s  o f  Nimbus I1 
measurements i n  t h e  6.4-6.9-pm and 10-11-pm bands f o r  a similar 
purpose,  s i n c e  t he  outgoing r a d i a t i o n  i n  t h e  f i r s t  of  these bands 
i s  determined by the  v e r t i c a l  d i s t r i b u t i o n s  of humidity and t e m 
p e r a t u r e  above the  ground s u r f a c e  (or the  cloud t o p s ) ,  w h i l e  t h a t  
i n  t h e  second i s  determined by t h e  tempera ture  of t he  r a d i a t i n g
s u r f a c e .  The a u t h o r s  o f  [64 ]  showed t h a t  i n  p r a c t i c e ,  s e r i o u s  ob
s t a c l e s  arise t o  s o l u t i o n  o f  t h i s  problem of  de te rmining  r e l a t i v e  
humidity above the r a d i a t i n g  s u r f a c e  by t h e  "humidity diagram''
method proposed by F. Msller and E .  Raschke. The most formidable  
o b s t a c l e  i s  t h a t  the  f r e q u e n t l y  observed c i r r u s  c louds are t r a n s 
p a r e n t  for r a d i a t i o n  i n  t he  10-11-pm band. The assumption t h a t  
the  clouds are on which t h e  "humidity diagram" method i s  
based, i s  m e t  only i n  the  r e g i o n  of  the  water-vapor band. The 
r e s u l t  i s  t h a t  c a l c u l a t e d  r e l a t i v e  humid i t i e s  above clouds are 
much too  h igh ,  s i n c e  t he  d i f f e r e n c e  between t h e  o p t i c a l  proper
t i e s  of t he  clouds i n  t h e  two s p e c t r a l  channels  determines t h e  
s t r e n g t h  of  ou tgo ing- rad ia t ion  c o n t r a s t  i n  t h e s e  channels .  It 
would t h e r e f o r e  be  much more c o r r e c t  t o  use ou tgo ing- rad ia t ion
data measured i n , t h e s e  s p e c t r a l  bands t o  d e t e c t  c louds on t h e  
basls of  r a d i a t i v e  c o n t r a s t  and t o  determine t h e i r  p r o p e r t i e s ,  b u t  
no t  r e l a t i v e  humidity (see a l s o  [ 1 6 2 ] ) .  A s  f o r  c l o u d l e s s  condi
t i o n s ,  i d e n t i f i c a t i o n  of zones w i t h  low r e l a t i v e  humidity i s  pos
s i b l e  i n  t h i s  case .  

S a t e l l i t e  measurements f o r  22  June 1966  over  t h e  e a s t e r n  ha l f  
of t h e  USA ( 1 6  hours  30 minutes  Greenwich Mean T i m e )  and the  u s u a l  
weather in fo rma t ion  were used t o  demonstrate  these conclus ions  
(maps showing t h e  d i s t r i b u t i o n s  o f  cloudage, r e l a t i v e  humidi ty ,
and r a d i a t i o n  tempera ture  were prepared  f o r  bo th  c h a n n e l s ) .  S. 
F r i t z  and P.K. Rao a l s o  c a l c u l a t e d  t h e  t r a n s m i s s i o n  of  r a d i a t i o n  
a t  wavelengths o f  6 and 1 0  pm as a f u n c t i o n  o f  t h e  o p t i c a l  t h i c k 
ness  and tempera ture  of c i r r u s  c louds ( i t  was found t h a t  t h e  de
pendence on cloud m i c r o s t r u c t u r e  i s  very weak). For c louds  t h a t  
are completely opaque f o r  r a d i a t i o n  a t  6 p m ,  t h e  t r a n s m i s s i o n  f o r  
1 0  pm may range up t o  6 0 % .  If the  cloud tempera ture  i s  below 
230"K, they  a l s o  become p a r t l y  t r a n s p a r e n t  around 6 p m .  An a t 
tempt t o  use humidi ty  diagrams t o  determine r e l a t i v e  humidity i n  
the absence o f  c louds showed tha t  t h e  Nimbus I1 d a t a  f o r  t h e  6.4
6.9-wn i n t e r v a l  appeared t o  be  u n r e l i a b l e .  

Analyzing t h e  method proposed by F .  M Z l l e r  w i t h  measured data 
and c a l c u l a t i o n s ,  B . D .  Panin  [ l o g ]  drew a t t e n t i o n  t o  t h e  f a c t  t h a t  

:: 

t h e  e f f e c t i v e  moi s tu re  con ten t  of  the  atmosphere ~ * = J p ~ E d zi n  t h e  A 7 0  
*! Po 

l a y e r  o f  atmosphere above t h e  " e f f e c t i v e "  l e v e l ,  a t  which the 
r a d i a t i o n  tempera ture  f o r  t h e  6-6.5-pm band equa l s  the  a c t u a l  t e m 
p e r a t u r e  (Trad = T ) ,  i s  always c o n s t a n t  ( p w  i s  the  a b s o l u t e  
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humidi ty ,  po i s  the  ground p r e s s u r e ,  and p ( z )  i s  t h e  v e r t i c a l  
p r e s s u r e  p r o f i l e  i n  the  l a y e r  from 2 2  t o  2 1 ) .  It was found f o r  
data on approximately 1000 cases  t ha t  c* = 3.6 g/cm2 w i t h  
a va r i ance  o f  0 .45  lo-' (g/cm2l2. Here the he igh t  o f  t he  "ef
f e c t i v e "  l e v e l  undergoes cons ide rab le  v a r i a t i o n s  - i n  .the cases 
cons idered ,  from t h e  600-mbar l e v e l  (d ry  a i r )  t o  t h e  100-mbar 
l e v e l  (humid atmosphere) .  

L e t  us d e f i n e  t h e  parameter  C* = p*/po (p* i s  the  p r e s s u r e  
a t  t h e  l e v e l  where T = Trad ) by t h e  r e l a t i o n  

where g i s  the  a c c e l e r a t i o n  o f  g r a v i t y ,  T0 .4  i s  the  a i r  tempera
t u r e  a t  t h e  400-mbar l e v e l ,  R i s  t h e  gas c o n s t a n t ,  and y = -aT/az. 

T h i s  r e l a t i o n s h i p  i s  ob ta ined  from the  ba romet r i c  formula on 
the  assumption that y = cons t  and the  average  temperature of t he  
~ n - 0 . 4  l a y e r  i s  T = (Trad + TO 4 ) / 2 ,  which can be accepted  f o r  t h e  
upper and middle t roposphe re  i n  t h e  absence of  c louds  ( v a r i o u s
p o s s i b i l i t i e s  can be used t o  determine T 0 . 4 ,  the  t empera tu re  a t  
t h e  400-mbar l e v e l ) .  

Using T i r o s  I1 and T i r o s  I11 measured data,  B.D.  Panin showed 
t h a t  there  i s  a r a the r  h igh  c o r r e l a t i o n  between t h e  t o t a l  e f f e c 
t i v e  atmospheric  moi s tu re  conten t  w o  and C* under  c l o u d l e s s  condi
t i o n s  ( t h e  c o r r e l a t i o n  c o e f f i c i e n t  i s  always above 0 .70) .  T h i s  
c o r r e l a t i o n  l i n k  can be  used t o  e v a l u a t e  t he  t o t a l  mo i s tu re  con
t e n t  from measured ou tgo ing- rad ia t ion  data f o r  t h e  6-6.5-pm band. 
The fo l lowing  e m p i r i c a l  formula can a l s o  be used for rough es t i 
mates : 

wo=1,281 (5')-0*"3 . (3 .6 )  

Es t ima t ion  of t h e  average a b s o l u t e  e r r o r s  o f  c a l c u l a t i o n  by 
t h i s  formula y i e l d e d  0 . 4 1 6  g/cm2 (summer) and 0 . 1 1 2  g/cm2 (winter ) .  

I n  view o f  the constancy o f  w*, B.D.  Panin [log] a l s o  pro
posed the fo l lowing  method f o r  de te rmining  water vapor  p a r t i a l  
p r e s s u r e .  L e t  us take an exponen t i a l  l a w  of v a r i a t i o n  o f  t h e  1 1 7 1  
water  vapor  p a r t i a l  p r e s s u r e  g . w i t h  a l t i t u d e :  

e2=e,  (E)"', (3 .7 )  

where p1 and p2 a r e  t h e  atmospheric  p r e s s u r e s  a t  the  l e v e l s  where 
the  water vapor  p r e s s u r e s  a re  e l  and e2, r e s p e c t i v e l y .  

Applying ( 3 . 7 ) ,  we o b t a i n  f o r  t h e  e f f e c t i v e  moi s tu re  co.ntent 
above t h e  l e v e l  C = p/po 



S e l e c t i o n  o f  5 i s  d i c t a t e d  by t h e  c o n d i t i o n  t ha t  R e l a t i o n  
( 3 . 7 )  be sat isf ied above t h i s  l e v e l .  We m i g h t ,  f o r  example, take 
5 = 0.5. 

W e  now have 
k,w*-ec= 
(C*)4J ' (3 .9)  


where k = cons t .c 
I f  5" i s  determined from (3 .5 )  us ing  a c t u a l  T o . 4  data,  t h e  

water-vapor p r e s s u r e  a t  t he  500-mbar l e v e l  can be found w i t h  (3 .9 )  
w i t h  a r e l a t i v e  e r r o r  of  about 10%.  Knowing t h e  water-vapor pres
s u r e  a t  t h e  5 = 0.5  l e v e l  and having in fo rma t ion  on the  s p a t i a l
s t a t i s t i c a l  s t r u c t u r e  o f  t h e  water-vapor-pressure f i e l d ,  w e  can 
compute t h e  vapor p r e s s u r e s  a t  o t h e r  a l t i t u d e s  i n  t he  t roposphe re .  

With a view t o  (3 .7 ) ,  w e  can a l s o  d e r i v e  the  fo l lowing  simple
formula f o r  t o t a l  mo i s tu re  c o n t e n t :  

W'
W , , = r .L*)4J (3 .10)  

When TO,^ and P O  were determined from a c t u a l  data,  t h e  mean 
a b s o l u t e  e r r o r s  of computation o f  w o  *om (3.10)  were 0.118 g/cm2
( w i n t e r )  and 0.433 g/cm2 (summer). 

B .D.  Panin C961 a l so  d i scussed  t h e  p o s s i b i l i t i e s  f o r  combined 
use of data from ou tgo ing- rad ia t ion  measurements i n  t h e  8-12, 8-30, 
and 6-6.5-pm o r  8-12 and 8-30-pm i n t e r v a l s  f o r  s imultaneous d e t e r 
minat ion o f  r a d i a t i n g - s u r f a c e  tempera ture  (ground o r  c loud t o p s )
and atmospheric  moi s tu re  con ten t  ( i t  i s  assumed tha t  t h e  cloud 
r a d i a t i o n  i s  black-body).  For  t h i s  purpose,  he used a s i m p l i f i e d
schemat i za t ion  o f  the  r a d i a t i v e - t r a n s f e r  p rocess  based on use of  
an atmospheric  model i n  which t h e  v e r t i c a l  t empera ture  p r o f i l e  i s  
c h a r a c t e r i z e d  by th ree  r ad ia t ion - t empera tu re  v a l u e s  f o r  t h e  8-12,
8-30, and 6-6.5-um channels .  C e r t a i n  f u r t h e r  s i m p l i f i c a t i o n s  re
s u l t  i n  the  fo l lowing  two-equation s y s t e m  f o r  de t e rmina t ion  o f  the /172
unknowns 5 and from measured ou tgo ing- rad ia t ion  v a l u e s  J e - 3 0  and 
J 8 - 1 2 :  

(3 .11)  

Here a l ,  b l ,  8 2 ,  and b p  a re  c e r t a i n  c o e f f i c i e n t s  determined 
by the  r ad ia t ion - t empera tu re  va lues  i n  t h e  8-12, 8-30, and 6-6.5-pm 
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channels .  The q u a n t i t y  -~=BE-~~(T,)=JBI(T,)~~.,where BA i s  P lanck ' s  
8 

f u n c t i o n  and Ts i s  s u r f a c e  t empera tu re ,  and y = P 8 - 3 0 ( w 0 ? ) ,  where 
P8-30 i s  t h e  t r a n s m i s s i o n  f u n c t i o n  f o r  t h e  8-30-i.lm band and wo3 i s  
t h e  atmosphere 's  t o t a l  mois ture  c o n t e n t .  

The fo l lowing  r e l a t i o n s h i p s  o b t a i n  f o r  t h e  c o e f f i c i e n t s  o f  
Eqs. ( 3 . 1 1 ) :  

where t h e  T* are t h e  r a d i a t i o n  tempera tures  accord ing  t o  t h e  meas
ured data f o r  the  corresponding channels .  

App l i ca t ion  o f  t h e  d e s c r i b e d  method showed t h a t  i t  can be 
s i m p l i f i e d  even*fu r the r  a i d  reduced t o  t h e  use o f  only t h e  meas
ured  data f o r  T8-12 and T e - 3 0 .  I n  t h i s  c a s e ,  t h e  t h i r d  t e r m s  i n  
Formulas (3 .12 )  drop out  and t h e  c o e f f i c i e n t s  of  t h e  second terms 
assume t h e  r e s p e c t i v e  va lues  1.1, 0 . 7 ,  0 .8 ,  and 0.25. 

N a t u r a l l y ,  t h e  method proposed by B.D. Panin i s  u n s u i t a b l e  
i n  t h e  p re sence  o f  broken clouds o f  t h e  m i d d l e  and lower l e v e l s  
and c i r r u s  c louds .  It i s  a l s o  obvious t h a t  t h e  p r o s p e c t s  o f  t h e  
method w i l l  b e  determined only by l a r g e - s c a l e  t e s t s  i n  which ex
t e n s i v e  and r e l i a b l e  measured data a r e  used. 

The methods examined above f o r  de t e rmina t ion  of  under ly ing-
s u r f a c e  tempera ture  and a tmospher ic  mois ture  con ten t  are  based on 
the  use o f  bo th  d i r e c t  p h y s i c a l  ( c a u s a l )  l i n k s  to t h e  outgoing
r a d i a t i o n  and s t a t i s t i c a l  c o r r e l a t i o n  l i n k s .  C o r r e l a t i o n  l i n k s  
between t h e  i n t e g r a t e d  outgoing  r a d i a t i o n  and v a r i o u s  parameters  
were used most e x t e n s i v e l y  by L.R.  Rakipova [ l l O ] .  Using a l a r g e
body of s t a t i s t i c a l  m a t e r i a l  from ou tgo ing- rad ia t ion  c a l c u l a t i o n s  /173
w i t h  F.N. S h e k h t e r ' s  nomogram for v a r i o u s  c l i m a t i c  r e g i o n s  and 
va r ious  seasons ,  L.R.  Rakipova analyzed t h e  c o r r e l a t i o n s  between 
the  outgoing r a d i a t i o n  and t o t a l  c loud cove r ,  cloud-top tempera
t u r e  and a l t i t u d e ,  t o t a l  water-vapor c o n t e n t s  i n  t h e  e n t i r e  t h i c k 
ness  of t h e  atmosphere and t h e  l a y e r  above the  c louds ,  a i r  t e m 
p e r a t u r e  a t  t h e  500- and 200-mbar l e v e l s  and i n  the  t ropopause ,
under ly ing-sur face  t empera tu re ,  and t h e  a l t i t u d e s  o f  t h e  500- and 
200-mbar s u r f a c e s .  

L.R. Rakipova's c a l c u l a t i o n s  i n d i c a t e  no c o r r e l a t i o n  of t h e  
outgoing  r a d i a t i o n  w i t h  +,he t o t a l  amount of cloudage ( t h i s  means 
tha t  no d e f i n i t e  judgments can be drawn as t o  cloudage 
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d i s t r i b u t i o n  from t h e  ou tgo ing- rad ia t ion  f i e l d ) ,  o r  w i t h  t ropo
pause tempera ture ,  a i r  tempera tures  a t  t h e  500- and 200-mbar 
l e v e l s ,  and t h e  a l t i t u d e s  of t he  500- and 200-mbar s u r f a c e s .  The  
c o r r e l a t i o n  w i t h  t o t a l  a tmospheric  mois ture  con ten t  was found t o  
be  comparat ively weak (a  tendency toward i n c r e a s i n g  outgoing
r a d i a t i o n  w i t h  i n c r e a s i n g  mois ture  con ten t  i s  observed,  e s p e c i a l l y  
a t  low h u m i d i t i e s ) .  N a t u r a l l y ,  h igh  c o r r e l a t i o n  o b t a i n s  between 
outgoing r a d i a t i o n  and under ly ing-sur face  tempera ture  (accord ing  
t o  the  data f o r  Boyeykovo and Tashkent ,  t h e  c o r r e l a t i o n  c o e f f i 
c i e n t  v a r i e s  from 0.56 t o  0 . 8 4 ) .  The  r e s u l t s  of L . R .  Rakipova's
c a l c u l a t i o n s  i n d i c a t e  tha t  t he  o r i g i n a l l y  assumed correspondence
between t h e  r a d i a t i o n  tempera ture  determined from the i n t e g r a l
outgoing r a d i a t i o n  and t h e  tempera ture  of t he  l e v e l  of average 
energy does not  e x i s t .  

95. 	 CONDITIONS FOR DETECTION O F  CLOUDAGE FROM THERMAL CONTRASTS 
I N  THE ATMOSPHERIC TRANSPARENCY WINDOWS 

Owing t o  t h e  p resence  o f  thermal  c o n t r a s t s  between cloud t o p s
and t h e  unde r ly ing  s u r f a c e ,  i t  has become p o s s i b l e  t o  d e t e c t  c loud  
f i e l d s  from s a t e l l i t e s  through t h e  inhomogenei t ies  of  t h e  outgoing-
r a d i a t i o n  f i e l d  i n  t h e  t r anspa rency  windows. The problem o f  o p t i 
mum window s e l e c t i o n  i s  obvious ly  so lved  i n  t h i s  case  i n  t h e  same 
way as f o r  de t e rmfna t ion  o f  under ly ing-sur face  tempera ture  (see 92 
of  t h i s  c h a p t e r ) .  

The outgoing  thermal  r a d i a t i o n  i n  t h e  3-18-pm band was com
puted i n  [12] f o r  v a r i o u s  weather c o n d i t i o n s  ( c l o u d l e s s  sky ,  cloud-
age a t  va r ious  l e v e l s ,  a t  v a r i o u s  s t a t i o n s ,  and a t  v a r i o u s  t imes  
of y e a r )  w i t h  t h e  o b j e c t  o f  ana lyz ing  t h e  v a r i a b i l i t y  of c o n t r a s t s  
between under ly ing-sur face  r a d i a t i o n  tempera ture  and clouds of 
va r ious  l e v e l s  and f i n d i n g  t h e  s p e c t r a l  i n t e r v a l  t h a t  i s  optimum
from t h e  s t a n d p o i n t  of  use  f o r  de tec tTon of c louds from s a t e l l i t e s .  
The U r a l - 4  e lec t ronic-computer  program provided  f o r  computation of  
t h e  ou tgo ing- rad ia t ion  spectrum w i t h  a 0 .1-ym wavelength s t e p  and /174
t h e  r a d i a n t  f l u x e s  i n  t h e  3.5-4.0,  4.5-5.0,  and 8-13-pm bands f o r  
a 22-layer model of  t h e  atmosphere.  Water vapor ,  carbon d iox ide  ,
and ozone were cons idered  a s  absorb ing  and r a d i a t i n g  atmospheric  
components. When necessa ry ,  t h e  nonblackness of t h e  clouds as 
thermal  r a d i a t o r s  w a s  t a k e n  i n t o  accoun t .  

F igu res  3.19 and 3 . 2 O i l l u s t r a t e  c a l c u l a t i o n s  of t h e  s p e c t r a l
d i s t r i b u t i o n  o f  the  cloudless-atmosphere r a d i a t i o n  tempera ture  
Tc f o r  Leningrad i n  January  and J u l y  ( t h e  l i n e  a t  t h e  top  charac
t e r i z e s  t h e  t r u e  under ly ing-sur face  tempera ture  Ttrue) .  They a l s o  
show t h e  s p e c t r a l  curves  of t h e  energy and tempera ture  c o n t r a s t s  
between the t o p s  of c louds of v a r i o u s  l e v e l s  and the  unde r ly ing
s u r f a c e .  I n s p e c t i o n  o f  F i g s .  3.19-3.20 shows t h a t  t h e  r a d i a t i o n -
tempera ture  c o n t r a s t s  i n  t h e  3.5-4.0-pm i n t e r v a l  are somewhat 
g r e a t e r  t h a n  the  cor responding  c o n t r a s t s  f o r  t h e  8-13-pm band, b u t  
tha t  the  a b s o l u t e  ou tgo ing- rad ia t ion  va lues  are s o  low i n  t he  
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F igu re  3.19. S p e c t r a l  V a r i a t i o n  o f  Cloudless-Sky
Rad ia t ion  Temperature ( a ) ,  Radiation-Temperature
C o n t r a s t s  ( b ) ,  and Outgoing-Radiation I n t e n s i t y
Con t ra s t s  ( c ) .  Leningrad,  January .  Cloud l e v e l s :  
1) lower; 2 )  middle;  3 )  upper .  

former case  as t o  be a t  t h e  s p e c t r a l - s e n s i t i v i t y  l i m i t s  of  t h e  
r ad iomete r s  a t  s u b f r e e z i n g  tempera tures .  Thus t h e  8-13-pm window 
must be  cons idered  more s u i t a b l e  f o r  d e t e c t i o n  of c louds  a g a i n s t  
t h e  under ly ing-sur face  background a t  low temperatures. Moreover, 
t h e  8-13-pm band i s  more u n i v e r s a l - i n  t h e  s e n s e  tha t  i t  p e r m i t s
complete e x c l u s i o n  of b r i g h t e n i n g  by e a r t h - r e f l e c t e d  s o l a r  radia- /175
t i o n  du r ing  the  daytime. 

uu-.

3 5 7 9 11 13 75 17 19 3 5 7 9 11 13 15 f7A pm 

Figure  3.20. S p e c t r a l  V a r i a t i o n  of Cloudless-Sky
Rad ia t ion  Temperature ( a ) ,  Radiation-Temperature
Con t ra s t s  ( b )  , and Outgoing-Radiation I n t e n s i t y
Con t ra s t s  ( c )  . Leningrad, J u l y .  Cloud l e v e l s  : 
1) lower;  2 )  middle;  3 )  upper .  



F i g u r e  3.21. Radiation-Temperature C o n t r a s t s  
Between Underlying Sur face  and Clouds o f  Lower 
( a )  and Middle ( b )  Levels  f o r  Various Regions
of  t h e  S o v i e t  Union. January .  The numerators 
are v a l u e s  o f  ATrad f o r  X = 3.5-4 pm, whi le  t h e  
denominators are  f o r  X = 8-13 pm. 

For re l iab le  i n t e r p r e t a t i o n  of i n f r a r e d  cloud-cover p i c t u r e s ,
it i s  exbremely impor t an t  to s tudy  the  features of t h e  
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Figure  3.22.  Radiation-Temperature C o n t r a s t s  
Between Underlying Surface  and Clouds of  Lower 
( a )  and Middle (b) Levels  f o r  Various Regions
of the S o v i e t  Union. J u l y .  

geographica l  d i s t r i b u t i o n  of  r ad ia t ion - t empera tu re  c o n t r a s t s  a t  
v a r i o u s  t imes of t h e  y e a r .  It i s  p a r t i c u l a r l y  impor tan t  to i n 
v e s t i g a t e  zones o f  i n v e r s i o n  c o n t r a s t s .  I n  t h i s  c o n t e x t ,  t h e  
au tho r s  of [12] made t empera tu re -con t r a s t  c a l c u l a t i o n s  t h a t  en
ab led  them to c o n s t r u c t  c h a r t s  of r ad ia t ion - t empera tu re -con t r a s t
geographica l  d i s t r i b u t i o n  f o r  t h e  3.5-4.0 and 8-13-pm t r a n s p a r 
ency windows for t h e  t e r r i t o r y  of t h e  USSR i n  v a r i o u s  months. 
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TABLE 3.17. CONTRASTS BETWEEN UNDERLYING-SURFACE AND CLOUD RADIATION TEMPERATURES 

Moscow 
Lower Day 1,0 3,2 7 8 16,2 23,3 21,7 23,2 I9 6 15 2 10 4 G 6 2.6 

Night -1 ,O -1,2 I 0:4 1 G,6 I 6,9 I 6,6 5,3 I 5:O I 6:s 1 5:6 I 3:4 1 1,0 
Upper Day . 4,6 6.4 8,2 10,6 12,7 13,4 14,O 1 12,O 1 9,4 I 8,O I 7,6 I 4,fi 

Night . 3,4 3,6 1 4,4 1 7.4 1 6,3 1 6,s 6,7 6,4 7,3 6,4 5,8 6,2 
Tiflis 

Lower 20,O 25,2 30.0 39,2 37,3 41,2 31.0 
6;s 8,8 R,8 10,8 12,4 10,7 9,0 

Upper 12,5 13,2 16,4 17,2 18,2 19,O 16,l 
7,8 7,6 1 9,0 1 8,4 1 8,4 5 , l  9 , l  

Upper 9,2 8,O 9,G 13,8 14,2 13,4 13,O 1 10.1 
6,O 4,O 6,6 1 7,4 6,9 1 7.4 6,7 G,9 

Arkhangel'sk 

Lower Day
Night 

0,0 1,6 6,8 14,6 18.9 24.0 22,4 18.8 12,8 
0,O -1.6 0,O 3,0 9,6 8,6 6,2 4,2 6,8 

-0,8 
3, i  

Upper Day
Night 

3,6 4,8 8,4 8,8 11.5 13,3 13,5 12,s 9,8 
4,8 4,O 3,2 6,2 7.2 7,4 6,4 6 3  7,6 

5,o
4,9 

4.8 
6.0 

Lower Day
Night 

-5.2 0,2 5.5 15,5 28,6 32,6 24,2 24.7 22,5 
-5.0 4 , 2  -8.0 3,6 7,8 9,4 4,6 4,8 7,3 

Upper Day
Night 

2,8 1,8 4,4 9,7 13,8 15,4 13,8 14,3 11,s 
0,O 1,0 0,5 3,6 7.7 6,4 7,6 7.2 3,6 

Lower 	 7,2 10,O 16,O 24,7 25,O 25,4 
4,4 3,2 6,6  7,O - 7,8 



Figures  3 .21  and 3.22 show such c h a r t s  f o r  January and J u l y .  Fea- 9 
t u r e s  of t h e  annua l  v a r i a t i o n  of t h e  c o n t r a s t s  between cloud and i 

under ly ing-sur face  r a d i a t i o n  tempera tures  i n  t h e  8-13-pm t r a n s 
parency window f o r  lower- and upper - leve l  c louds  were s t u d i e d  i n  
[62] .  Table  3 .17 p r e s e n t s  t h e  corresponding c a l c u l a t e d  data f o r  
day and n i g h t ,  which s imul taneous ly  c h a r a c t e r i z e  t h e  d i u r n a l -
v a r i a t i o n  f e a t u r e s  of t h e s e  Trad c o n t r a s t s .  T a b l e  3.17 shows t h a t  
t h e  v a r i a b i l i t y  of t he  tempera ture  c o n t r a s t s  i s  very  weak. 

On t h e  Jaunary map ( s e e  F ig .  3.21), our  a t t e n t i o n  i s  drawn 
t o  r e g i o n s  of  n e g a t i v e  ( i n v e r s i o n )  c o n t r a s t s .  A t  Yakutsk, f o r  
example, t h e  n e g a t i v e  c o n t r a s t s  r each  -17.5" i n  w i n t e r  f o r  t h e  
3.5-4.0-pm band and -16" f o r  t h e  8-13-pm band. The c a l c u l a t i o n s  
showed t h a t ,  i n  g e n e r a l ,  t h e r e  i s  a high degree  of  c o r r e l a t i o n  /179
between t h e  r a d i a t i o n - and t rue - t empera tu re  c o n t r a s t s .  

Outgoing-rad ia t ion  c a l c u l a t i o n s  made by Murav'yeva and N . Y e .  
Ter-Markaryants [54] f o r  t h e  8-12-pm t r anspa rency  window and var
i o u s  me teo ro log ica l  cond i t ions  ( u s i n g  data from a e r o l o g i c a l  sound
i n g s  a t  24 s t a t i o n s  i n  t h e  Sov ie t  Union) showed t h a t  f o r  c l o u d l e s s  
s k i e s  i n  t h e  w i n t e r  months, t h e  ou tgo ing- rad ia t ion  i n t e n s i t i e s  
vary  i .n t h e  range from 1 t o  1 . 8  mW/cm2*sr ove r  most of t h e  t e r r i 
t o r y  s t u d i e d  and r e a c h  2-2.7 mW/cm2*sr i n  t h e  s o u t h  of t h e  S o v i e t  
Union. I n  summer, t h e  corresponding va lues  a r e  3-4 and 5 mW/cm2*sr.
I n  t h e  p re sence  o f  c louds ,  t h e  outgoing r a d i a t i o n  v a r i e s  from 1-2  
mW/cm2-sr i n  w i n t e r  t o  2 .5  mW/cm2*sr i n  summer. The maximum energy 
c o n t r a s t s  between t h e  outgoing r a d i a t i o n  of c l o u d l e s s  and cloudy
s k i e s  occur  i n  summer because of t h e  maximum c o n t r a s t s  between t h e  
under ly ing-sur face  and cloud tempera tures  a t  t h i s  t i m e  of y e a r .
The r a d i a t i o n - t e m p e r a t u r e  c o n t r a s t s  va ry  from -7 t o  46" ( t hey  are 
small i n  w i n t e r ) .  I n v e r s i o n  c o n t r a s t s  a r e  sometimes observed a t  
n i g h t .  The minimum c o n t r a s t s  f o r  lower- leve l  c louds a r e  1-8". I n  
w i n t e r ,  i t  sometimes becomes d i f f i c u l t  t o  t r a c e  cloudage on t h e  
basis  of  i n f r a r e d - r a d i a t i o n  measurements. Even i n  t h e  absence of 
i n v e r s i o n s ,  t h e  equipment should have a t empera tu re  r e s o l u t i o n  of  
t h e  o r d e r  of  2-3O. During summer, r e s o l u t i o n s  of about 5-6" a r e  
adequate .  

The t empera tu re -con t r a s t  va lues  d i s c u s s e d  above were ob ta ined  
by s i g h t i n g  a t  t h e  n a d i r .  A s  t h e  n a d i r  ang le  i n c r e a s e s ,  there  
must obvious ly  be a dec rease  i n  t h e  c o n t r a s t s  because of t h e  In
c r e a s i n g  importance of a tmospheric  a t t e n u a t i o n .  According t o  c a l 
c u l a t i o n s  f o r  t h e  8-13-pm window, t h e  average c o n t r a s t s  dec rease  
t o  7" or i n c r e a s e  i n  i n v e r s i o n s  to 6 O  as t h e  n a d i r  a n g l e  i n c r e a s e s  
from 0 t o  82O. Here we observe a d i s t i n c t  annual  v a r i a t i o n :  t h e  
c o n t r a s t  change as a f u n c t i o n  of s i g h t i n g  ang le  i s  smaller i n  
w i n t e r  t han  i n  summer. I n  p r a c t i c e ,  t h e  ang le  dependence must be 
t aken  i n t o  account f o r  ang le s  exceeding 60-65". 

O p t i c a l  p r o p e r t i e s  ( t h e  e m i s s i v i t y  o f  t h e  under ly ing  s u r f a c e )  
a r e  an impor tan t  f a c t o r  i n  de te rmining  tempera ture  c o n t r a s t s .  
Table 3.18 g i v e s  va lues  of A t ,  which c h a r a c t e r i z e  t h e  dec rease  i n  
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TABLE 3.18. DECREASE I N  CONTRAST A t  OF CLOUDS 
AGAINST UNDERLYING SURFACE WITH CONSIDERATION 
O F  SURFACE NONBLACKNESS 
-

Spectral Type of surface 
interval, 

2 3p m 
- . 

3,&4 ,O 	 12,6 10,4 ' 13,4 1 13,7 
12,o 8,s 13,5 14.0 
2.0 5,5 0 s  

4,5-5,0 	 58,3 55.8 GO,7 61,7 
I0,5 9,o II,O 11,5 

1,O 2 3  0.5 

8,O-13,O 3371,5 3151 ,G 3489.1 3555,O 
G,5 3,o 8.5 985 
3,o 6,5 1,O 

the  tempera ture  c o n t r a s t s  w i t h  c o n s i d e r a t i o n  of t he  e a r t h ' s  t r u e  
e m i s s i v i t i e s  accord ing  t o  C62, 631. 

T h i s  t ab l e  a l s o  g i v e s  a b s o l u t e  v a l u e s  of the  outgoing radia
t i o n  JAxand r a d i a t i o n  tempera ture  trad for var ious  types  o f  su r 
f a c e s :  1) s o i l  w i t h  v e g e t a t i o n  cover ,  2 )  deser t ,  3)  s l o p i n g  sandy
beach, 4 )  water, 5 )  b l a c k  body. A s  we see from t h e  t ab le ,  i n  t he  
case  of  a sandy beach t h e  dec rease  i n  tempera ture  c o n t r a s t  i n  t h e  /180
8-13-pm window reaches  6.5O. The  A t  v a lues  g iven  i n  T a b l e  3.18 
c h a r a c t e r i z e  t he  c o n t r a s t  dec rease  i n  t h e  case  of black-body
clouds .  If t h e  c louds  a re  p a r t i a l l y  t r a n s p a r e n t ,  t h e  A t  become 
cons ide rab ly  smaller.  

Adequate s o l u t i o n  of t h e  problem of d e t e c t i n g  clouds a g a i n s t
t h e  background o f  t h e  unde r ly ing  s u r f a c e  by t h e i r  thermal  con
t r a s t s  r e q u i r e s  t h e  use o f  s t a t i s t i c a l  methods t o  i n t e r p r e t  t h e  
r e s u l t s  of measurements made w i t h  t h e  i n f r a r e d  scanning  a p p a r a t u s .
P r e c i s e l y  t h i s  approach t o  s o l u t i o n  of t he  problem was-takin i n  
Cl05, 1061 .  

G.P. Vimberg, Yu.A. Dranishnikov,  V . I .  Ivanov, and V.V. Puch
kov [ l o 6 1  used data from the  Kosmos 1 2 2  me teo ro log ica l  s a t e l l i t e  
t o  compute v a r i o u s  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  r a d i a t i o n  
f i e l d  i n  t he  8-12-pm window for v a r i o u s  under ly ing-sur face  and 
cloud types  (one-dimensional d i s t r i b u t i o n  l a w s  of s i g n a l  ampli
t u d e s ,  mathematical  e x p e c t a t i o n ,  v a r i a n c e ,  t h i r d - and fou r th -o rde r  
c e n t r a l  moments, a u t o c o r r e l a t i o n  and mutual c o r r e l a t i o n  f u n c t i o n s  ,
e t c . ) .  The  r e s u l t s  of these c a l c u l a t i o n s  showed t h a t  d i f f e r e n t  
t y p e s  of under ly ing  s u r f a c e s  and clouds d i f f e r  f i rs t  o f  a l l  i n  
t h e i r  mathematical  e x p e c t a t i o n s  and v a r i a n c e s .  Thus , f o r  example, 



t h e  h i g h e r  the  e l e v a t i o n  of  t h e  r a d i a t i n g  s u r f a c e ,  t h e  smaller  i 
(as a r u l e )  are the mathematical  e x p e c t a t i o n  (because o f  t h e  
lower t empera tu re )  and v a r i a n c e  (because  of  t h e  g r e a t e r  homo
g e n e i t y ) .  With i n c r e a s i n g  s u r f a c e  homogeneity, t h e  d i s t r i b u t i o n  /181
l a w  approaches normal. I n  t he  p resence  o f  c louds  above the  s u r 
f a c e  of  a c o n t i n e n t  o r  ocean, a sha rp  i n c r e a s e  o f  t h e  f o u r t h -
o r d e r  c e n t r a l  moments is observed,  e s p e c i a l l y  i n  t h e  case  of 
cumulus-shaped c louds  w i t h  spaces  between them. 

S t a t i s t i c a l  r e d u c t i o n  o f  recorded  infrared-equipment  s i g 
n a l s  from s a t e l l i t e s  enabled  G.P. Vimberg, V . I .  Ivanov,  and V.V. 
Puchkov [ lo51 t o  e v a l u a t e  t h e  performance o f  t h i s  equipment i n  
d e t e c t i n g  c louds .  T a b l e  3.19 p r e s e n t s  c a l c u l a t e d  c loud-de tec t ion  
p r o b a b i l i t i e s  f o r  v a r i o u s  unde r ly ing  s u r f a c e s  as backgrounds.  The 
l a s t  column o f  t h i s  t a b l e  g i v e s  f a l se -a l a rm p r o b a b i l i t i e s  Pf .a. 

Analys is  of T a b l e  3.19 shows t h a t  t h e  d e t e c t i o n  p r o b a b i l i t y
i s  q u i t e  c l o s e  t o  u n i t y  i n  about  85% of  c a s e s .  Low p r o b a b i l i t y
va lues  occur  when the  r a t i o s  of  t h e  s i g n a l  from t h e  cloudage t o  
t h e  s i g n a l  from t h e  background a r e  small and these s i g n a l s  have 
c l o s e l y  s imi la r  v a r i a n c e s  ( acco rd ing ly ,  t h e  v ideo- s igna l  d i s t r i 
b u t i o n s  f o r  these combinations o f  c loud and background a r e  a lmost  
p e r f e c t l y  congruen t ) .  

F.F. Hauth and J . A .  Weinman [153] d i s c u s s e d  t h e  p o s s i b i l i t i e s
f o r  combined use  o f  measured data  on t h e  a n g u l a r  i n t e n s i t y  d i s 
t r i b u t i o n  of t h e  outgoing  r a d i a t i o n  ob ta ined  w i t h  t h e  f ive-channel  
r ad iomete r  on t h e  Nimbus I1 weather s a t e l l i t e  t o  s o l v e  t h e  prob
l e m  of d i s t i n g u i s h i n g  clouds a g a i n s t  snow and i c e  backgrounds and 
de te rmina t ion  of t h e  t y p e ,  a l t i t u d e ,  and t h i c k n e s s  of  t h e  cloud 
cover .  The data examined p e r t a i n  t o  t h e  10-11-pm and 0.2-4.0-pm
bands and were ob ta ined  on 1 9  June 1966  o v e r  Greenland on two 
s u c c e s s i v e  o r b i t s .  

It i s  shown i n  [153] t h a t  t h e  b r i g h t n e s s  c o e f f i c i e n t s  depend
s t r o n g l y  i n  t h e  case  o f  shortwave r a d i a t i o n  on t h e  o r i e n t a t i o n  o f  
t h e  snow-covered s l o p e s  r e f l e c t i n g  t h e  r a d i a t i o n .  When t h e  topog
raphy i s  known, t h i s  makes it p o s s i b l e  t o  i d e n t i f y  a snow-covered 
s u r f a c e  from f e a t u r e s  o f  t h e  b r i g h t n e s s - c o e f f i c i e n t  a n g u l a r  d i s 
t r i b u t i o n .  When r e f l e c t i o n  i s  from a h o r i z o n t a l  snow-covered s u r 
f a c e ,  t h e  b r i g h t n e s s  c o e f f i c i e n t s  (which amount t o  62-66% i n  t h e  
cases  cons ide red )  show a c h a r a c t e r i s t i c  independence of  s c a t t e r i n g
ang le  i n  t h e  110-135O ang le  range .  

I n  t h e  absence o f  c louds ,  t h e  r ad ia t ion - t empera tu re  f i e l d  
f a i t h f u l l y  r e f l e c t s  t h e  topographic  p e c u l i a r i t i e s  of t h e  r e g i o n
under s tudy .  Cloudy zones a r e  c h a r a c t e r i z e d  by  lower r a d i a t i o n  
tempera tures  and s u b s t a n t i a l l y  g r e a t e r  v a r i a b i l i t y  o f  t h e  re
f l e c t i o n  c o e f f i c i e n t .  Informat ion  on f e a t u r e s  of t h e  b r i g h t n e s s
c o e f f i c i e n t  angu la r  d i s t r i b u t i o n ,  combined w i t h  data on radia
t i o n  tempera ture ,  can  be used f o r  approximate de t e rmina t ion  of 
cloudage type .  
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TABLE 3.19. PROBABILITY OF DETECTING CLOUDS AGAINST BACKGROUND OF VARIOUS 
UNDERLYING SURFACES 

I Object . 

Cumulus 
Thickclouds cumulus F1.ontal 

with cloudage clouds Pfi a 
gaps 

I 

I 
1 I 

Surface of ' 0,005 0 1 0,204 0,660 0,835 0,228 0,670 0,205 0,880 10-3 
PacMc Ocean 0,166 0,650 0,663 0,814 0,910 ' 0,615 0,780 0,510 0,998 10-1 

Mediterranean 0,998 1,OOO 1,OOO 0,476 1,OOO 0,984 0,690 1,OOO 1,OOO 10-3 
Sea 1 1,OOO ' 1,OoO 1,000 0,663 1,o00 l,W 0,802 1,OOO 1,OOO 10-1 

Continent: l,W , 1,OOO 0,332 1,OOO 0,980 0,700 1,ooO 1,OOO 10-3 

North Africa 1,OOO 1,Ooo 0,722 ~ 1,OOO 1,OOO 0,867 1,OOO 1,OOO IO-' 

Continenk 0,613 0,986 0,785 0,288 0,947 0,736 0,329 '1 1,OOO ! 1,000 
Cental South 0,998 1 to00 I ,m 0,660 

I 
1,OOO 0,984 0,730 1,OOO , 1,OoO 1 10-J 

Amedca 

Continents Cen- 0,100 0, 100 0,037 0,952 0,745 0,137 0,563 1,00 0,573 10-3 
tral Part of &m- 0,980 0,780 0,663 1,050 1 0,W 1 0,493 0,7N 1,OO 0,997 10-1 

pean Soviet union1 

Continents 0,lSG 0,844 0,245 
Northeastern 0,OOO 0,900 0,340 
Caucasus 

I 1 I I 
Note. The f i r s t  l i n e  of  a p a i r  gives  p r o b a b i l i t y  values  corresponding t o  Vcl < 

< Vb, whi le  t h e  second g ives  values  f o r  Vcl > Vb (Vcl and Vb are t h e  amplitudes 
of t h e  video s i g n a l s  from t h e  clouds and t h e  background). 



P r a c t i c a l  expe r i ence  i n  t h e  a c q u i s i t i o n  and i n t e r p r e t a t i o n  /183
of i n f r a r e d  cloud-cover p i c t u r e s  has been e x c e p t i o n a l l y  success
f u l .  A d i s c u s s i o n  o f  t h e  problems o f  q u a l i t a t i v e  s y n o p t i c  i n 
t e r p r e t a t i o n  o f  t h e  i n f r a r e d  p i c t u r e s  can be  found i n  t h e  mono
graph C57-J. I n  a review o f  s imi la r  s t u d i e s ,  V .P .  Dombkovskaya
[58] no te s  t h a t  a l though t h e  b a s i c  c r i t e r i a  f o r  dec iphe r ing  bo th  
i n f r a r e d  ( I R )  and t e l e v i s i o n  (TV) p i c t u r e s  a r e  t he  tone  ( b r i g h t 
ness  sensed  by the  e y e )  and s t r u c t u r e  ( f i g u r e )  o f  t h e  p i c t u r e ,
t h e s e  c h a r a c t e r i s t i c s  are determined by t o t a l l y  d i f f e r e n t  f a c t o r s  
f o r  I R  and TV images; t h i s  i s  of fundamental  importance f o r  i n 
t e r p r e t a t i o n  o f  t h e  data and determines t h e i r  s p e c i f i c  app l i ca 
t i o n .  Thus, f o r  example, dense lower- leve l  s t r a t u s  c louds t ha t  
are b r i g h t  on TV p i c t u r e s  are d i f f i c u l t  t o  d i s t i n g u i s h  from t h e  
under ly ing  s u r f a c e  on t h e  basis of  I R  t o n e .  

Reference E581 cons ide r s  p o s s i b l e  ways t o  d i s t i n g u i s h  va r ious  
types  of under ly ing  s u r f a c e s  (lowlands and e l e v a t e d  r e g i o n s ,  moun
t a i n  r anges ,  water s u r f a c e s ,  e t c . )  on I R  images as determined by
inhomogenei t ies  of  t h e  tempera ture  f i e l d  and t h e  r a d i a t i n g  proper
t i e s  of  t h e  unde r ly ing  s u r f a c e .  It i s  shown t h a t  c loud format ions  
are c h a r a c t e r i z e d  by  a wide v a r i e t y  of shapes ,  s t r u c t u r e s ,  and 
image t o n e s .  Lows, f r o n t s ,  groups o f  cumuloninbus c louds ,  and 
o t h e r  me teo ro log ica l  format ions  can b e  i d e n t i f i e d  q u i t e  conf i 
d e n t l y  from the  shape o f  t h e  cloud masses (cor responding  examples 
are g i v e n ) .  The b e l t ,  matte, and dome s t r u c t u r e s  of I R  cloud 
images are  most c l e a r l y  d i s t i n g u i s h e d .  Sometimes t h e  e f f e c t  of 
wind on t h e  s t r u c t u r e  o f  upper - leve l  cloudage i s  c l e a r l y  seen  ( i t
i s  mani fes ted ,  f o r  example, i n  breaking  up of dense c loud  forma
t i o n s  and t h e i r  s t r e t c h i n g  out  i n  t h e  d i r e c t i o n  o f  t h e  wind) .  V. 
P.  Dombkovskaya cons idered  examples o f  s y n o p t i c  IR-image i n t e r p r e 
t a t i o n  i n c l u d i n g  t h e  fo l lowing  groups of  c loud forms:  1) cloud 
b e l t s ,  2 )  c loud v o r t i c e s ,  3 )  dense cloud s h e e t s ,  and 4 )  i n d e t e r 
minate cloud format ions  w i t h  gaps .  

I n f r a r e d  images are  p a r t i c u l a r l y  h e l p f u l  f o r  a n a l y s i s  of  
weather-forming p rocesses  i n  t h e  t r o p i c a l  zone, where t h e  v e r t i 
c a l l y  developed cloudage t h a t  i s  c h a r a c t e r i s t i c  f o r  t h e s e  l a t i 
tudes  c r e a t e s  s t r o n g  thermal  c o n t r a s t s  t h a t  gua ran tee  h igh  con
t r a s t  i n  i n f r a r e d  p i c t u r e s .  T h i s  makes t h e  i n f r a r e d  p i c t u r e  a 
r e l i ab le  t o o l  f o r  t h e  a n a l y s i s  o f  such weather format ions  a s ,  f o r  
example, t r o p i c a l  cyclones and t h e  i n t e r t r o p i c a l  convergence zone. 
Using inf i -ared images ob ta ined  w i t h  t h e  Kosmos 1 2 2 ,  Kosmos 1 4 4 ,  
Kosmos 156, and Kosmos 184 weather  s a t e l l i t e s ,  P.N. Belov [lll]
t r a c e d  s u c c e s s i v e  s t a g e s  i n  t h e  e v o l u t i o n  o f  a number of t r o p i c a l
cyclones arid analyzed t h e  s t r u c t u r e  o f  t h e  i n t e r t r o p i c a l  converg- /184 
ence zone above t h e  oceans and c o n t i n e n t s .  An i n t e r e s t i n g  example
i n  which the b i r t h  and development of Typhoon Marie i s  analyzed i n  
d e t a i l  i s  d i scussed  i n  [136].  The s p a t i a l - s t r u c t u r e  f e a t u r e s  of 
c loud cover t h a t  can be observed on i n f r a r e d  p i c t u r e s  a r e  examined 
i n  C1371. 
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L.  A l l i s o n  e t  a l .  [73] d i scussed  v a r i o u s  p o s s i b l e  methods o f  
me teo ro log ica l  i n t e r p r e t a t i o n  of i n f r a r e d  p i c t u r e s  of the  clouds 
and t h e  ea r th ' s  s u r f a c e  ob ta ined  w i t h  t he  h i g h - r e s o l u t i o n  i n f r a r e d  
rad iometer  on t h e  Nimbus I s a t e l l i t e .  They g i v e  a de t a i l ed  ana ly
s i s  o f  i n f r a r e d  p i c t u r e s  of v a r i o u s  r eg ions  of t h e  g lobe  showing 
a v a r i e t y  of me teo ro log ica l  s i t u a t i o n s  : Hurricane Dora, Typhoon
Ruby ( fo l lowing  t h e i r  movement and e v o l u t i o n ) ;  t h e  onse t  o f  t h e  
monsoon over  I n d i a  ( i n d i c a t i n g  t h e  e f f e c t i v e n e s s  of i n f r a r e d  p i c 
t u r e s  as a means of de te rmining  t h e  h e i g h t  and v e r t i c a l  t h i c k n e s s  
of c l o u d s ) ;  a mer id iona l  s e c t i o n  a long  140°  E. l ong . ,  i n c l u d i n g  
a f r o n t a l  zone i n  t h e  wes te rn  P a c i f i c  Ocean, a s t r o n g  p o l a r  j e t  
stream, a c t i v e  Typhoon Wilda and a c l o u d l e s s  oceanic  r e g i o n  of 
w a r m  converging c u r r e n t s ;  a powerful  f r o n t a l  c loud system i n  S i 
ber ia .  Also g iven  i s  an  example of p l a n e t a r y  montage o f  f o u r t e e n  
i n f r a r e d  p i c t u r e s  t h a t  show the  features of t h e  g l o b a l  c loudage
d i s t r i b u t i o n  and t h e  s y n o p t i c  s i t u a t i o n  i n  t he  Southern Hemisphere 
a t  the  end of  August 1 9 6 4  ( t h e  i n t e r t r o p i c a l  convergence zone, 
Typhoon Ruby, and o t h e r  f e a t u r e s  are  c l e a r l y  r e c o r d e d ) .  It i s  
shown tha t  t h e  use o f  i n f r a r e d  cloud-cover p i c t u r e s  pe rmi t s
d r a s t i c  re f inement  of a n a l y s e s  based on convent iona l  meteorologi
c a l  o b s e r v a t i o n s .  Examples are a l s o  given t o  i l l u s t r a t e  t h e  
a n a l y s i s  of  medium-scale p r o c e s s e s  (o rograph ic  c loudage) .  

S u c c e s s f u l  i n t e r p r e t a t i o n  o f  i n f r a r e d  p i c t u r e s  w i t h  t h e  ob
j e c t  of i n v e s t i g a t i n g  cloudage and under ly ing-sur face  f e a t u r e s  
moved the  a u t h o r s  of [55, 56 ,  154,  1601 t o  examine t h e  p o s s i b i l i t y
of  d e t e c t i n g  ocean c u r r e n t s .  

It i s  a well-known f a c t  t h a t  ocean c u r r e n t s  may undergo sub
s t a n t i a l  changes no t  only over  t h e  course  o f  a y e a r ,  b u t  a l s o  i n  
a g iven  month. Thus t h e  problem of d e t e c t i n g  ocean c u r r e n t s  and 
fo l lowing  t h e i r  dynamics from s a t e l l i t e s  i s  of  g r e a t  s c i e n t i f i c  
and p r a c t i c a l  i n t e r e s t .  Here w e  s h a l l  examine t h e  w a r m  Gulf 
S t r e a m  c u r r e n t  i n  summer and w i n t e r  ( F i g s .  3.23-3.24).  The  ou t 
going r a d i a n t  f l u x e s  i n  t h e  3.5-4.0 and 8-13-pm atmospheric  t r a n s 
parency windows were computed on a Ural 4 e l e c t r o n i c  computer f o r  
t h e  r e g i o n  of t h e  Stream and t h e  cor responding  r a d i a t i o n  tempera
t u r e s  were c a l c u l a t e d .  The i n i t i a l  data used f o r  t h e  outgoing-
r a d i a t i o n  c a l c u l a t i o n  were t h e  wa te r - su r face  tempera tures  a t  f i v e  
p o i n t s  (1-5) spaced a t  100-km i n t e r v a l s  ( s e e  F igs .  3.24-3.24);  / I85
t h e  a l t i t u d e  d i s t r i b u t i o n s  of a i r  tempera ture  and humidity were 
t a k e n  from t h e  ARDC-1959 standard-atmosphere model. The c a l c u l a 
t i o n  w a s  made f o r  a c l o u d l e s s  atmosphere and i n  t h e  p re sence  of 
unbroken clouds of t h e  middle  and upper l e v e l s .  The e m i s s i v i t y
c o e f f i c i e n t s  used f o r  t h e  water were t aken  from C591; s p e c t r a l
e m i s s i v i t i e s  t aken  from [ 2 4 ]  were in t roduaed  f o r  the  c louds .  

According t o  [ 2 4 ] ,  lower- leve l  c louds can b e  regarded  as 
p r a c t i c a l l y  b l a c k ,  i . e . ,  as s c r e e n i n g  t h e  water s u r f a c e  p e r f e c t l y .
For  t h i s  r eason ,  l ower - l eve l  c louds  were not  cons idered  i n  t h e  
c a l c u l a t i o n  f o r  the  3.5-4 and 8-13-pm t r anspa rency  windows. The 
cloud-top h e i g h t  was assumed e q u a l  t o  3.5 k m  f o r  t h e  midd le - l eve l  
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Figure  3 .23 .  Isotherms o f  A t l a n t i c  Ocean Sur face  
Water i n  t h e  Region of' t h e  Gulf Stream. Winter.  

F igure  3 .24 .  Isotherms of A t l a n t i c  Ocean Sur face  
Water i n  t h e  Region of t h e  Gulf Stream. Summer. 
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TABLE 3.20. OUTGOING RADIANT FLUXES J~~ IN THE 3.5
4-pm (LINE 1) AND 8-13-vm (LINE 2 )  TRANSPARENCY W I N 
DOWS OVER OCEAN-CURRENT REGION AT POINTS 1-5 AND 
THE CORRESPONDING R A D I A T I O N  TEMPERATURES Trad, O C  

-._.- -

Point 
No. 

. . _  

I 7,G
30.38,2 

2 8.4
3136,8

3 9,9
3315,O 

4 11.6 
3.1H9,4 

5 12.2 
3564,4 

I 12.5 
:mi ,7

3 13.7 
.3G!):!, 4 

3 15,l
ss1a,y

4 16,2
3o(N,2 

5 17,O
3979,4 

clouds and 7 k m  f o r  t h e  

Winter 
5,7 2,0


2703.9 1.0 

6.2 3.7

2780,9 3,O 
. 7,3 7.0
2919,9 6,O 

8,4 10.5 
3056,O 8.8 

8.9 11,s
3106.6 9.8 

Summer 
9 , l  12.0 

3127,9 10.3 
9.9 14,2

3214.3 12.0 

10,9 16.5 


8311.4 13.8 

11.6 18.0 


.33&3,3 15.0 
12.2 19.0 


3-138,1 16.0 


'radoc 
I 'C 

4.0
-5.5 

-3.5
-5.5 

2,s 

-3.0 -1.7 4.5 
4 . 5  4.O 
-1.5 
-3.5 

0.5
-1.5. 

8.0 

0.5
-2.0 
0.6 

3.5 
1 3  
5.0 

11.3 

12.5 
1.5 2.5 


1 ,O 5.2 13.0 
-1.0 2.7 
2.0 7.0 15.0 

4 . 5  
3.2 9.0 17.2 
0.5 
4 . 0  

6.0 
10,5 18.8 

1.3 
4.5 

7.0
11.5 20.0 

2.0 8.0 

4,5 

upper- leve l
s u l t s  appear i n  T a b l e  3.20. 

Table 3.20 p r e s e n t s  va lues  of t h e  outgoing r a d i a n t  f l u x e s  1186 
above clouds i n  t h e  c u r r e n t  r e g i o n  a t  p o i n t s  1-5 and t h e  r a d i a t i o n  
tempera tures  t h a t  correspond t o  them i n  t h e  3.5-4 and 8-13- m 
t r anspa rency  windows a t  v a r i o u s  water -sur face  tempera tures  t, O C .  

Table 3.21 g i v e s  r ad ia t ion - t empera tu re  c o n t r a s t s  A t  between 
s e l e c t e d  p o i n t s  of t h e  s t ream,  which are separated by  a d i s t a n c e  
of 100  km (see F igs .  3.23-3.24). We see from T a b l e  3 . 2 1 t h a t  w i t h  
c l e a r  s k i e s ,  t h e  c o n t r a s t s  A t  between s u c c e s s i v e  p o i n t s  of t he  
stream are of  the  o r d e r  of l-3.5O i n  w i n t e r  and 1-2.2O i n  summer. 
Here the c o n t r a s t s  between t h e  r a d i a t i o n  tempera tures  a t  two 
s u c c e s s i v e  p o i n t s  i n c r e a s e  from the  pe r iphe ry  toward t h e  c e n t e r  
of t he  stream. Thus, f o r  example, f o r  c l o u d l e s s  w i n t e r  skies ,  
At ( 2- 3 

= 3.3O and At(3-4) = 3.5O, wh i l e  A t (  
1-2 1 = 1.7O and 

At(s -5)  
= l . O o .  It i s  a l s o  impor tan t  t o  no te  t ha t  t h e  tempera ture  

c o n t r a s t s  be tweenpo in t s  1-3 and 3-5, which are s e p a r a t e d  by 200 km, 
are 4.5-5". 

c louds .  The c a l c u l a t e d  re
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, 
TABLE 3.21. RADIATION-TEMPERATURE CONTRASTS 
(DEGREES) BETWEEN SUCCESSIVE POINTS 1-5 ABOVE 
THE OCEAN CURRENT R E G I O N  REPRESENTED I N  FIGS. 
3.23-3.24 I N  THE 3.5-4-vm (LINE 1) AND 8-13-pm
(LINE 2 )  TRANSPARENCY WINDOWS 

~. 

Description of 
cloudage 

Cloudless 

Middle Level 

Upper level 

.Cloudless 

Middle level 

Upper level 

The radi  a tion- t emp e ra t  u r  e c o n t r a s t  i s  somewhat s t r o n g e r  i n  /187
w i n t e r  t h a n  i n  summer -(see Table 3 .21) .  Thus, f o r  a c l e a g  sky ,
the  w i n t e r  A t  a t  t h e  c e n t e r  of  t h e  stream a r e  3.3-3.5", b u t  t hey
dec rease  t o  2.2-2.3O i n  summer. 

The c o n t r a s t s  A t  between a d j a c e n t  p o i n t s  of t h e  s t r eam de
c r e a s e  markedly i n  t h e  p re sence  of c louds .  Thus, t he  A t  va lues  
i n  the  presence  o f  upper - leve l  c louds are 1.5-3.0O i n  win te r  and 
1-2' i n  summer. Middle- level  c louds reduce c o n t r a s t  e s p e c i a l l y
s t r o n g l y .  The small c o n t r a s t s  A t  between t h e s e  p o i n t s  of t h e  
stream i n d i c a t e  t h a t  i t  w i l l  be p r a c t i c a l l y  imposs ib l e  t o  d e t e c t  
ocean c u r r e n t s  from s a t e l l i t e s  i n  t h e s e  s p e c t r a l  i n t e r v a l s  when 
clouds are p r e s e n t .  

Comparing cor responding  tempera ture  c o n t r a s t s  A t  i n  t h e  two 
atmospheric  t r anspa rency  windows a t  3.5-4 .O and 8-13 pm ( T a b l e
3 .21 ) ,  w e  see t h a t  t h e  c o n t r a s t s  A t  are greater  i n  t h e  s h o r t e r -
wavelength 3.5-4-vm window t h a n i n  t h e  8-13-pm window. Thus, t he  /188
maximum w i n t e r  r ad ia t ion - t empera tu re  g r a d i e n t  over  1 0 0  k m  i s  3.5' 
i n  t he  3.5-4-vm window and 2.8O i n  the 8-13-pm window; i n  summer, 
t h e  A t  are 2.3' i n  t h e  3.5-4-vm band and 1.8O i n  t h e  8-13-vm band. 

The r e s u l t s  ob ta ined  i n d i c a t e  t h a t  i n  t h e  absence of c louds ,  
ocean c u r r e n t s  can b e  d e t e c t e d  from s a t e l l i t e s  i n  t h e  3.5-4 and 
8-13-pm t r anspa rency  windows w i t h  present-day appa ra tus  having a 
tempera ture  r e s o l u t i o n  of t h e  o r d e r  of 2-3O. 

According t o  t h e  c a l c u l a t i o n s  examined above, t h e  w a r m  Gulf 
Stream should  appear  on an i n f r a r e d  p i c t u r e  as a s t r i p  t h a t  i s  



Figure  3.25. Radiation-Temperature F i e l d  i n  t h e  
Region of t h e  Fa lk l and  and B r a z i l  Curren ts  Ac
cord ing  t o  Nimbus I1 Data ( 1 7  August 1 9 6 6 ,  1248th 
O r b i t ) .  

d a r k e r  t h a n  t h e  areas sur rounding  i t .  And t h e  Gulf Stream can 
indeed be  t r a c e d  as a dark  band a g a i n s t  t h e  background of t h e  
c o l d e r  A t l a n t i c  Ocean wa te r  on one of t h e  thermal  p i c t u r e s  ob
t a i n e d  from t h e  Nimbus I1 s a t e l l i t e  i n  t h e  l O - l l - p m  band and 
examined by  W .  Nordberg e t  a l .  C781. 

Extens ive  expe r i ence  i n  t h e  d e t e c t i o n  of  ocean c u r r e n t s  on 
i n f r a r e d  p i c t u r e s  w a s  a cqu i r ed  i n  a n a l y s i s  of Nimbus I1 s a t e l l i t e  
data [ l o o ] .  Over 174  days  of  o p e r a t i o n  of t he  i n f r a r e d  scanning  
appa ra tus  of t h i s  s a t e l l i t e ,  i t  was p o s s i b l e  t o  l o c a t e  t h e  Gulf 
Stream i n  approximately 5 0  c a s e s .  

F igure  3.25 shows an example i n  which t h e  c o l d  Fa lk l and  and /189 
the  w a r m  B r a z i l  ocean c u r r e n t s  were d e t e c t e d  on t h e  basis of  
Nimbus I1 data a t  midnight  on 17 August 1 9 6 6  (1248th o r b i t ) .  A s  
w e  see, t h e  cons ide rab le  tempera ture  c o n t r a s t  between t h e  two 
c u r r e n t s ,  which amounts t o  6-8O, i s  enough to l o c a l i z e  them q u i t e  
dependably. I n  the upper l e f t  co rne r  of t h e  f i g u r e ,  ou r  a t t e n t i o n  
I s  drawn t o  t h e  zone of warmer waters near  t he  mouth of t h e  Rio 
P l a t a .  
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When clouds are  p r e s e n t ,  ocean c u r r e n t s  can be  d e t e c t e d  T 

from s a t e l l i t e s  only when the re  i s  a uniform v e i l  o f  upper - leve l
clouds above t h e  r e g i o n  of t h e  c u r r e n t ,  s i n c e  such a v e i l  t r a n s 
m i t s  much of  t h e  thermal  r a d i a t i o n  emi t t ed  by the under ly ing  sur
f a c e .  However, i t  should  b e  noted  t h a t  under  rea l  c o n d i t i o n s ,
t h e  r u l e  i s  t h a t  c louds  o f  v a r i o u s  l e v e l s  are observed s imul tan-
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eous ly ,  and i n  these cases  i t  becomes p r a c t i c a l l y  imposs ib l e  t o  
t r a c e  thermal  inhomogenei t ies  of t h e  unde r ly ing  s u r f a c e  i n  t h e  
s p e c t r a l  bands under c o n s i d e r a t i o n  u n l e s s  t he  s t a t i s t i c a l  approach 
t o  s o l u t i o n  of t he  problem g i v e s  u s e f u l  r e s u l t s .  

It must a l s o  be  remembered t h a t  t h e  r ad ia t ion - t empera tu re  
c o n t r a s t  A t c l  between c louds  and t h e  water s u r f a c e  may be  compar
able  du r ing  t h e  summer w i t h  t h e  r a d i a t i o n  c o n t r a s t s  A t  t h a t  a r e  
observed i n  s tudy  of ocean c u r r e n t s  (as a r u l e ,  t he  A t c l  a r e  con
s i d e r a b l y  g r e a t e r ,  a t  5-10']. This  f a c t  w i l l  a l s o  make i t  d i f 
f i c u l t  t o  d e t e c t  ocean c u r r e n t s  i n  t h e s e  s p e c t r a l  i n t e r v a l s  when 
clouds a r e  p r e s e n t .  Then, l i k e  o t h e r  thermal  inhomogenei t ies  o f  
t h e  ea r th ' s  s u r f a c e ,  ocean c u r r e n t s  can a p p a r e n t l y  be  d e t e c t e d  i n  
t h e  cen t ime te r  r a d i o  band, f o r  which clouds a r e  p r a c t i c a l l y  t r a n s 
p a r e n t .  

The p r o g r e s s  t h a t  has been made i n  r e c e n t  y e a r s  i n  i n f r a r e d  
measurement technique  has made i t  p o s s i b l e  to i n d i c a t e  very  s m a l l  
t empera ture  c o n t r a s t s .  T h i s  has made i t  p o s s i b l e  not  only t o  d i s 
t i n g u i s h  minute d e t a i l s  of t h e  e a r t h ' s  s u r f a c e  tempera ture  f i e l d ,  
b u t  also t o  d e t e c t  inhomogenei t ies  i n  t h e  a tmosphere ' s  t empera ture
f i e l d .  For example, a method i s  be ing  developed s u c c e s s f u l l y  f o r  
d e t e c t i o n  of  t u r b u l e n c e  zones i n  t h e  open atmosphere from i n -
homogenei t ies  i n  t h e  s p a t i a l  d i s t r i b u t i o n  of i n f r a r e d  thermal  
r a d i a t i o n  r e g i s t e r e d  aboard a i r c r a f t  [161]. 

$6. CERTAIN RESULTS FROM STUDY OF UNDERLYING-SURFACE TEMPERATURE, 
CLOUD TOP TEMPERATURE AND HEIGHT, AND TROPOSPHERIC MOISTURE 
CONTENT 

The above methods of  de te rmining  t h e  tempera tures  o f  t h e  
under ly ing  s u r f a c e  and cloud t o p s  have been pu t  t o  p r a c t i c a l  use 
and, i n  some c a s e s ,  have been in t roduced  i n t o  r o u t i n e  p r a c t i c a l
i n t e r p r e t a t i o n  of  s a t e l l i t e  a c t i n o m e t r i c  i n fo rma t ion  and i n f r a r e d  
images acqu i r ed  w i t h  scanning  I R  r ad iomete r s  (see [63-73, 97,
1651). Below w e  sha l l  l i m i t  ou r se lves  t o  d i s c u s s i o n  of a f e w  ex
amples of  data i n t e r p r e t a t i o n  t h a t  i l l u s t r a t e  t h e  fundamental  
p o s s i b i l i t i e s  at hand. 

Before t u r n i n g  t o  t h e  r e s u l t s ,  l e t  us dwel l  b r i e f l y  on 
methods of de te rmining  cloud-top h e i g h t s .  A s  was noted  by H. 
Glahn [78], t he  fo l lowing  compl ica t ing  f a c t o r s  must be t aken  1191 
i n t o  account  i n  s o l v i n g  t h e  problem of  de te rmining  cloud-top
h e i g h t  from outgoing r a d i a t i o n  measured i n  an  atmospheric  t r a n s 
parency window: 1) t h e  nonblackness of t h e  r a d i a t i o n  from t h e  



c louds  ( t h i s  p e r t a i n s  e s p e c i a l l y  t o  c i r r u s  c l o u d s ) ,  2 )  t h e  i n f l u 
ence of a b s o r p t i o n  of t he  r a d i a t i o n  i n  t h e  atmospheric  l a y e r  above 
t h e  c loud ,  3)  v a r i a t i o n s  of t h e  v e r t i c a l  t empera ture  p r o f i l e  (es
p e c i a l l y  those  accompanied by i n v e r s i o n s ) ,  4 )  e r r o r s  i n  geographi
c a l  connec t ion  of t h e  measured data ,  5 )  measurement e r r o r s  asso
c i a t e d  w i t h  changes i n  in s t rumen t  s e n s i t i v i t y  t h a t  e lude  de tec
t i o n ,  6 )  t h e  nonzero t i m e  cons t an t  of t h e  ou tgo ing- rad ia t ion  sen
s o r  ( " b l u r r i n g "  of t h e  scanning  s p o t ) ,  and 7 )  t h e  inadequa te ly
high  s p a t i a l  r e s o l u t i o n  of t h e  rad iometer  and i t s  v a r i a t i o n  as a 
f u n c t i o n  of n a d i r  a n g l e .  I n  C781, numerical  experiments  were pe r 
formed w i t h  t h e  o b j e c t  o f  d e t a i l e d  a n a l y s i s  of  the  e f f e c t s  of t he  
las t  two f a c t o r s .  It i s  assumed tha t  t h e  s a t e l l i t e ' s  r ad iomete r  
i s  a t  an a l t i t u d e  of about  720 km and t h a t  i t s  f i e l d  covers  a 
c i r c l e  9 k m  i n  d iameter  on t h e  ground a t  t h e  n a d i r .  Within t h i s  
f i e l d  a n g l e ,  69 d i r e c t i o n s  are de f ined  and the  outgoing r a d i a t i o n  
computed f o r  them. The c loud  d i s t r i b u t i o n s  are a s s igned  a t  random, 
assuming uniform h e i g h t s ,  boundar ies ,  and r a d i i  o f  i n d i v i d u a l  
c louds ,  which are  c i r c u l a r  i n  form. A t o t a l  of n i n e t e e n  cloud 
d i s t r i b u t i o n  models were examined. The c a l c u l a t i o n s  y i e l d e d  data 
t h a t  c h a r a c t e r i z e  t h e  v a r i a t i o n  of pe rcen tage  c loud iness  w i t h i n  
t h e  f i x e d  r ad iomete r  f i e l d  as a f u n c t i o n  of a l t i t u d e  and s i g h t i n g
n a d i r  ang le .  It i s  shown t h a t  when t h e  dimensions of i n d i v i d u a l  
c louds  a r e  somewhat, s m a l l e r  t han  t h e  scanning s p o t  a t  t h e  n a d i r ,  
l a r g e  e r r o r s  may r e s u l t  i n  de t e rmina t ion  of  c loud h e i g h t s  and t h e  
amount of  c loudage.  The  c a s e  of mul t i l aye red  cloudage i s  most 
d i f  f ic u l t  f o r  i n t  e r p r  eta tion. 

A s  f o r  t h e  i n f l u e n c e  of a tmospheric  t h i c k n e s s  and t h e  o t h e r  
f a c t o r s  l i s t e d  above, t hey  were d i s c u s s e d  i n  d e t a i l  i n  the  e a r l i e r  
s e c t i o n s  of t h i s  c h a p t e r .  Here w e  s h a l l  cons ide r  only t h e  p o s s i 
b l e  methods of conve r t ing  from t h e  measured tempera ture  of t h e  
top  of t h e  cloud t o  i t s  h e i g h t .  

N a t u r a l l y ,  s o l u t i o n  of t h i s  problem i s  s i m p l e s t  i f  a e r o l o g i 
c a l  sounding data are a v a i l a b l e .  I f  t h e  d i s t r i b u t i o n  of tempera
t u r e  over  a l t i t u d e  i s  monotonic,  t h e  tempera ture  va lue  measured 
from t h e  s a t e l l i t e  t h a t  corresponds t o  t h e  tempera ture  measured 
w i t h  t h e  rad iosonde  i n d i c a t e s  t h e  h e i g h t  of t h e  cloud t o p .  Usu
a l l y ,  however, t h e  a e r o l o g i c a l  i n fo rma t ion  i s  l a c k i n g ,  and t h i s  
makes i t  necessary  t o  use  c l i m a t i c  o r  c a l c u l a t e d  data .  

V.L.  Gayevskiy and L.N. Guseva [79] d i s c u s s e d  t h e  p o s s i b i l i 
t i e s  of de te rmining  cloud-top h e i g h t s  from c loud  r a d i a t i o n  tem- 1 1 92 
p e r a t u r e s  me.asured from a s a t e l l i t e  when t h e  v e r t i c a l  t empera tu re
d i s t r i b u t i o n  i s  unknown and i t  i s  t h e r e f o r e  necessary  t o  use a 
c e r t a i n  average v a l u e  of t he  v e r t i c a l  t empera ture  g r a d i e n t .  For  
t h i s  purpose ,  t hey  used a i r c r a f t  sounding data  ob ta ined  i n  t h e  
Leningrad r e g i o n  ( a  t o t a l  o f  923 cases  were cons ide red )  t o  com
p u t e  v e r t i c a l  t empera tu re  g r a d i e n t s  i n  t he  l a y e r  from t h e  ground 
t o  cloud-top l e v e l .  It w a s  shown t h a t  i n  80% of c a s e s ,  t h e  v e r 
t i c a l  t empera ture  g r a d i e n t  r anges  from 0 . 4  t o  0 . 7 5  degree/100 m ,  
and tha t  only  i n  t h e  p resence  of s t r a t u s  c louds  w a s  t h i s  range  
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s u b s t a n t i a l l y  b roade r  (from - 0 . 1  t o  0 .9  degree/100 m )  . I f  t h e  
average v e r t i c a l  t empera ture  g r a d i e n t  i s  assumed e q u a l  t o  0 .55  
degree/100 m ,  t h e  e r r o r s  of de t e rmina t ion  of t h e  h e i g h t s  of 
c louds whose t o p s  are a t  t h e  7- and 3-km l e v e l s  w i l l  be  1 and 
0 .5  k m ,  r e s p e c t i v e l y ,  and w i l l  be l a r g e s t  f o r  s t r a t u s  c louds .  It 
i s  r e p o r t e d  t h a t  measured cloud s u r f a c e  r a d i a t i o n  tempera tures  
may d i f f e r  by 3-10° from t h e  t r u e  a i r  tempera ture  a t  t h i s  l e v e l .  
Such l a r g e  d i f f e r e n c e s  l i m i t  t he  a p p l i c a t i o n  of  t h i s  method of  
de te rmining  cloud-top h e i g h t ,  and t h e  e r r o r s  i n d i c a t e d  above may 
be  regarded  as r e a l i s t i c  only i n  t h e  case  of  c louds  t h a t  are  
a t  least 400 meters t h i c k .  Such clouds can be d i f f e r e n t i a t e d  
(a l though not  i n  a l l  c a s e s )  by  r e f e r e n c e  t o  s a t e l l i t e  photographs
of t h e  cloud cover .  

Informat ion  on average  c l i m a t i c  i so the rm h e i g h t s  o r  t h e  re
s u l t s  o f  tempera ture  c a l c u l a t i o n s  f o r  s p e c i f i c  l e v e l s  i n  t h e  a t 
mosphere can be used t o g e t h e r  w i t h  c l i m a t i c  data on t h e  average
v e r t i c a l  t empera ture  g r a d i e n t .  The e r r o r  o f  cloud-height d e t e r 
minat ions based  on such methods u s u a l l y  f l u c t u a t e s  from a f e w  
hundred meters t o  1-2 km. 

A method o f  de te rmining  t h e  t r u e  tempera ture  of t h e  underly
i n g  s u r f a c e  from measured r ad ia t ion - t empera tu re  data w a s  d i scussed  
above i n  d e t a i l .  The  comparison of average monthly r a d i a t i o n -
tempera ture  c h a r t s  c o n s t r u c t e d  from Kosmos 1 4 4  weather  s a t e l l i t e  
data f o r  A p r i l  and J u l y  of  1967 w i t h  monthly average c l ima to log i 
c a l  t empera ture  c h a r t s  o f  t h e  ground s u r f a c e  and the  atmosphere 
a t  v a r i o u s  l e v e l s  and cloudage c h a r t s  made by  I.V. Bugayeva and 
L.A. Ryazanova i n  [156] becomes h igh ly  i n t e r e s t i n g  i n  t h i s  con
t e x t .  The r ad ia t ion - t empera tu re  va lues  were averaged over  t h e  
areas of quadrangles  measuring 10' i n  l a t i t u d e  and long i tude .  The 
numbers o f  o b s e r v a t i o n s  f o r  t h e  i n d i v i d u a l  quadrangles  v a r i e d  from 
30 t o  1 0 0 0 ,  exceeding 2000 i n  c e r t a i n  r eg ions  ( f o r  example, nea r  
t h e  p o l e s ) .  

The data of  [156] i n d i c a t e  t h a t  t h e  p o l a r  r e g i o n s  of  t h e  /19 3 
Southern Hemisphere were t h e  r eg ions  of  lowest  r a d i a t i o n  tempera- . 
t u r e  on t h e  A p r i l  c h a r t  ( t h e  a b s o l u t e  minimum nea r  t h e  South Mag
n e t i c  Pole i s  -50°C) .  I n  t h e  l a t i t u d e  range from 60 t o  40° s . ,  
w e  observe a zonal  d i s t r i b u t i o n  i n  which the  tempera ture  v a r i e s  
from -30 t o  - 1 5 O C .  I n  t h e  Northern Hemisphere, t h e  lowest  radia
t i o n  tempera tures  occur  over  Greenland (-35OC), and t h e  va lues  i n  
t h e  p o l a r  r e g i o n  are around -3OOC. I n  h igh  and middle  l a t i t u d e s  
of t h e  Northern Hemisphere, we observe cons ide rab le  d e v i a t i o n s  
from z o n a l i t y  ( c h i e f l y  i n  t h e  r e g i o n s  of  E a s t e r n  S i b e r i a  and Indo
c h i n a ) .  The r a d i a t i o n  tempera ture  r eaches  1 0 - 1 2 O C  i n  North 
A f r i c a ,  and i t s  d i s t r i b u t i o n  i n  t h e  s u b t r o p i c s  and t r o p i c s  is d i s 
t i n g u i s h e d  by s u b s t a n t i a l  d e p a r t u r e s  from z o n a l i t y .  

Fea tu res  o f  t h e  c o n t i n e n t  and ocean d i s t r i b u t i o n  are c l e a r l y
r e f l e c t e d  i n  t h e  ou tgo ing- rad ia t ion  f i e l d  ( h i g h e r  r a d i a t i o n  t e m 
p e r a t u r e s  correspond t o  oceans ) .  I n  J u l y  (by comparison w i t h  

1 7 4  

I 



A p r i l ) ,  t h e  r eg ions  of minimum r a d i a t i o n  tempera tures  over  Ant
a r c t i c a  become b roade r  and,  converse ly ,  t h e  tempera tures  r i s e  i n  
t h e  Northern Hemisphere ( t h u s ,  f o r  example, Greenland ceases  to 
b e  the  c o l d e s t  r e g i o n ) .  The r e g i o n s  of t h e  r ad ia t ion - t empera tu re
anomalies s t a n d  out  more s h a r p l y .  

Comparison o f  r ad ia t ion - t empera tu re  c h a r t s  w i t h  the  co r re 
sponding cloudage and t e m p e r a t u r e - f i e l d  c h a r t s  demonst ra tes  a 
c l e a r  r e l a t i o n s h i p  between nonzonal d i s t u r b a n c e s  i n  the  radia
t ion- tempera ture  f i e l d  and t h e  l o c a l i z a t i o n  of c loud s y s t e m s  i n  
va r ious  r e g i o n s .  The fo rma t ion  of  c e r t a i n  r ad ia t ion - t empera tu re
anomalies i s  determined t o  a major degree by o rograph ic  (accord
i n g l y ,  thermal) inhomogenei t ies  o f  t he  e a r t h ' s  s u r f a c e .  The "in
f luence  zones" o f  e l e v a t i o n  inhomogenei t ies  of under ly ing-sur face  
tempera ture  and p l a n e t a r y  c h a r t s  of tempera ture  isanomals  a t  va r 
i o u s  l e v e l s  were t h e r e f o r e  analyzed i n  d e t a i l .  Comparison of 
isanomal  c h a r t s  of t h e  under ly ing-sur face  and r a d i a t i o n  tempera
t u r e s  showed t h a t  the  zones of t h e  extrema were s h i f t e d  and deeper
i n  t h e  r ad ia t ion - t empera tu re  isanomal  f i e l d .  

An e x t e n s i v e  s e r i e s  of  s t u d i e s  has been devoted to t h e  p o s s i 
b i l i t i e s  f o r  use  of ou tgo ing- rad ia t ion  data measured i n  t h e  t r a n s 
parency windows i n  t h e  i n t e r e s t  o f  " q u a n t i t a t i v e "  r a d i a t i o n  synop
t i c s  ( a  survey of  e a r l y  s t u d i e s  i n  t h i s  f i e l d  can b e  found i n  t h e  
monographs [l, 2 1 ) .  Thus, f o r  example, G .  Warnecke C74-761 made a 
d e t a i l e d  a n a l y s i s  of ou tgo ing- rad ia t ion  data measured i n  t h e  8-12
p m  t r anspa rency  window on 1 6  J u l y  1 9 6 1  w i t h  the  f ive-channel  
rad iometer  aboard t h e  T i r o s  I11 weather  s a t e l l i t e  from the  s t and- /194
p o i n t  of t h e i r  p r a c t i c a l  u t i l i z a t i o n  i n  t h e  p r e p a r a t i o n  of  weather 
. f o r e c a s t s .  

Comparison of t h e  ou tgo ing- rad ia t ion  f i e l d  (expressed  i n  ef
f e c t i v e  r a d i a t i o n  t empera tu res )  i n  t h e  r e g i o n  o f  Hurr icane Anna,
which w a s  t h e n  i n  i t s  i n f a n c y ,  w i t h  a t e l e v i s i o n  p i c t u r e  of t h e  
cloud cover over  t h e  same a r e a  showed f u l l  agreement between t h e  
r e s u l t s .  The e f f e c t i v e  tempera ture  changes by more than  50° as 
we pass  from t h e  h i g h e s t  c louds ( 2 3 8 O ~ )t o  p a r t i a l  c loud cover  
(288OK). U s e  of r a d i o  sounding data t o g e t h e r  w i t h  measured out 
go ing- rad ia t ion  r e s u l t s  made i t  p o s s i b l e  to determine t h e  h e i g h t
of the cloud cover ,  which was about 1 2  k m  i n  t h e  Dakar r e g i o n .  It 
was shown t h a t  measurements of t h e  outgoing  r a d i a t i o n  i n  t h e  t r a n s 
parency window can be  used s u c c e s s f u l l y  no t  only t o  s tudy  de t a i l ed  
s t r u c t u r a l  f e a t u r e s  o f  cloud-cover mesosystems, b u t  a l s o  to char
a c t e r i z e  l a r g e - s c a l e  r e g u l a r i t i e s  i n  cloudage d i s t r i b u t i o n .  The  
combined use of data from convent iona l  weather  obse rva t ions  w i t h  
t h e  r e s u l t s  of ou tgo ing- rad ia t ion  measurements makes i t  p o s s i b l e  
to c h a r a c t e r i z e  t h e  s y n o p t i c  s i t u a t i o n  much more p r e c i s e l y .  

It was shown, f o r  example, t h a t  an  extended zone of ve ry  low 
tempera tures  i n  t h e  s o u t h e r n  and e a s t e r n  p a r t s  of  t h e  USA t h a t  was 
d e t e c t e d  i n  t h e  r ad ia t ion - t empera tu re  f i e l d  corresponded to a 
cloud m a s s  a s s o c i a t e d  w i t h  a c o l d  f r o n t .  A t  t h e  same t i m e ,  c loud 

175 



masses over  Lake Michigan ( s t a t e  o f  Wisconsin) and Minnesota d i d  
no t  produce such anomalies i n  t he  r a d i a t i o n - t e m p e r a t u r e  f i e l d ,  
s i n c e  t h e  clouds i n  t h i s  c a s e  were lower- leve l  s t r a t u s  w i t h  much 
w a r m e r  t o p s .  T h i s  example shows t h a t ,  i n  combination w i t h  satel
l i t e  t e l e v i s i o n  p i c t u r e s  o f  t h e  cloud cover  and conven t iona l  
me teo ro log ica l  i n fo rma t ion ,  r a d i a t i o n  data f o r  t he  t r anspa rency
window are u s e f u l  f o r  de t e rmina t ion  of v e r t i c a l  c loud  t h i c k n e s s e s .  
T h i s  conclus ion  i s  a l s o  i l l u s t r a t e d  by a comparat ive a n a l y s i s  o f  
r a d i a t i o n  data and t h e  v e r t i c a l  p r o f i l e  f o r  t h e  r e g i o n  of t he  
f r o n t a l  c loud system, and by p l a n e t a r y  r ad ia t ion - t empera tu re
c h a r t s ,  which show c l e a r l y ,  f o r  example, an  e q u a t o r i a l  cloudage 
b e l t  a s s o c i a t e d  w i t h  t he  i n t e r t r o p i c a l  convergence zone. How
e v e r ,  i t  i s  e s s e n t i a l  t o  n o t e  tha t  i n t e r p r e t a t i o n  of t h e  radia
t i o n  data i s  sometimes made d i f f i c u l t  by inadequa te  spa t i a l  r e s o l u 
t i o n  o f  t h e  r ad iomete r ,  s i n c e  c louds  of v a r i o u s  l e v e l s  are  "mixed" 
i n  t h e  i n s t r u m e n t ' s  f i e l d .  

S. F r i t z  [77]  d i s c u s s e s  t h e  p o s s i b i l i t i e s  f o r  s tudy  o f  t h e  
d i u r n a l  v a r i a t i o n  of  under ly ing-sur face  t empera tu re ,  u s ing  analy
s is  of T i r o s  I1 data f o r  t h e  8-12-pm window as h i s  example. Data 
from the  Nimbus I weather s a t e l l i t e  are d i s c u s s e d  i n  d e t a i l  i n  1 1 95 
the  work of W. Nordberg [7l, 731 and o t h e r  a u t h o r s .  

Black-body c a l i b r a t i o n  of t h e  r ad iomete r  on t h i s  s a t e l l i t e  
made i t  p o s s i b l e  t o  determine the  r a d i a t i o n  tempera tures  of  e m i t 
t i n g  o b j e c t s  w i t h  an  e r r o r  o f  t h e  o r d e r  of * l ° K .  C a l c u l a t i o n  o f  
t he  e f f e c t i v e  tempera tures  was based on t h e  assumption tha t  t h e  
r a d i a t i n g  s u r f a c e s  were homogeneous and i s o t r o p i c .  Knowledge o f  
t he  under ly ing-sur face  r e l a t i v e  e m i s s i v i t y  i s  a l s o  impor tan t  i f  
It i s  smaller t h a n  0 . 9 .  I n  t h i s  c o n t e x t ,  W. Nordberg [71] pro
posed a method for determining  e m i s s i v i t y  from dayt ime measure
ments of t h e  outgoing  thermal r a d i a t i o n  and r e f l e c t e d  s o l a r  
r a d i a t i o n .  

If w e  d i s regard  t r a n s f o r m a t i o n  of t h e  r a d i a t i o n  by t h e  layer
of atmosphere, t h e  daytime outgoing r a d i a t i o n  Jd can b e  p re sen ted  
as t h e  sum o f  the thermal  r a d i a t i o n  f rom t h e  unde r ly ing  s u r f a c e  
6 J B  (JB= a T 4 )  and t h e  r e f l e c t e d  s o l a r  r a d i a t i o n  (1 - 6 ) J o  ( Jo  = 

= 1.33 W/m2 i s  the  s o l a r  c o n s t a n t ) :  

Jd =8B.?f- rf,,, (3 .13)  

where t h e  r e f l e c t i v i t y  r = 1 - 6 .  

If 6 = 0 . 5  (and,  acco rd ing ly ,  r = 0 . 5 )  and Ts = 2g0°K, t hen  
JB = 0.07 and rJo = 0 . 7  W/m2.  Hence i t  fo l lows  t h a t  t h e  f i r s t  
term i n  t h e  r i g h t  m e m b e r  o f  (3 .13)  can be dropped i f  6 < 0 . 5 .  I n  
t h i s  ca se ,  t h e  e m i s s i v i t y  can b e  determined from t h e  measured Jd 

and t h e  known so lar  cons t an t  J o .  Values o f  6 > 0.5 can be deter
mined only i f  t h e  under ly ing-sur face  tempera ture  i s  known. 
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Figure  3 .26 .  I n f r a r e d  Image of Cloud Cover (Light  Tones) i n  t h e  
North P a c i f i c  (Dark Tones) a t  Midnight on 20 September.1964 ( a )
and S p a t i a l  D i s t r i b u t i o n  of Radia t ion  Temperature i n  Region of  
High-Topped Clouds ( b ) .  

The o b s e r v a t i o n a l  d a t a  i n d i c a t e d  e m i s s i v i t i e s  g r e a t e r  t h a n  
0 .9  for l a r g e  areas of t h e  s u r f a c e  (such as oceans ) .  The p o s s i 
b i l i t y  of  e m i s s i v i t y  de t e rmina t ion  and subsequent c a l c u l a t i o n  of 
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under ly ing-sur face  tempera ture  i s  of  g r e a t  importance f o r  s o l u t i o n  
of such problems as the  d e t e c t i o n  o f  ocean c u r r e n t s  and f r o n t s ,  
the  de te rmina t ion  o f  s o i l  mo i s tu re  c o n t e n t ,  and s tudy  o f  o t h e r  
phenomena r e l a t ed  t o  t empera tu re - f i e ld  inhomogeneity.  W .  Nordberg
analyzed  i n f r a r e d  cloudage p i c t u r e s  t h a t  i l l u s t r a t e  t h e  broad pos
s i b i l i t i e s  f o r  a n a l y s i s  of t h e  macro and mesos t ruc tu res  of t h e  
clouds and t h e  topography of t h e i r  t o p s .  

L e t  us c o n s i d e r  an  example t h a t  demonst ra tes  t h e  topographic
f e a t u r e s  o f  the  cloud tops  i n  t h e  r e g i o n  of t h e  i n t e r t r o p i c a l  
convergence zone ( I C Z )  i n  t h e  North P a c i f i c  on 20 September 1964 
and o t h e r  c h a r a c t e r i s t i c  f e a t u r e s  o f  t h e  s y n o p t i c  s i t u a t i o n  (F ig .
3.26) .  I n  t h i s  c a s e ,  c loud h e i g h t s  vary from 1 k m  ( tempera ture
285°K) t o  16  k m  ( t empera tu re  190°K) i n  t he  r e g i o n  of a broken 
I C Z  c loud  b e l t  a t  about  10' N .  l a t .  and an ocean-surface tempera
t u r e  of 293°K. 

I n  t h i s  c a s e ,  a major p a r t  of t h e  P a c i f i c  e q u a t o r i a l  waters /196
i s  covered w i t h  a n  enormous cloud mass occupying t h e  l a t i t u d e  
b e l t  from 25 t o  45' N.  l a t .  The only areas o f  c l e a r  sky are  found 
around 40" N .  l a t .  , 140"  W. long.  ( t h e  dark  s p o t s ) .  A t  t h e  upper
l e f t  c o r n e r ,  w e  see p a r t  o f  a b r i g h t  c loud b e l t  a s s o c i a t e d  w i t h  
a s t r o n g  c o l d  f r o n t .  The b r i g h t  s p o t s  i n  the  area o f  38-40" N .  
l a t . ,  137" W .  long .  correspond t o  very  h igh  cumulonimbus c louds ,  
which r e f l e c t  t h e  p re sence  of a zone of thunders torm a c t i v i t y .  

We n o t e  t h a t  f o r  most of t h e  cloudage t y p e s ,  t h e  e m i s s i v i t y
of t h e  clouds w a s  found t o  equa l  0 .75 .  

This  means t h a t  a c o r r e c t i o n  r ang ing  from -5 t o  +loo, depend
i n g  on cloud tempera ture  and s i g h t i n g  a n g l e ,  must b e  a p p l i e d  i n  
c a l c u l a t i n g  cloud-top tempera tures  from r a d i o m e t r i c  measurement 
data. W .  Nordberg cons ide red  examples i n  which t h e  tempera tures
of  water b a s i n s  are determined and demonstrated t h e  p o s s i b i l i t y
of i d e n t i f y i n g  even comparat ively small l a k e s  on i n f r a r e d  p i c t u r e s .  

P.N. Belov and Yu.V. Kuri lova made an  i n t e r e s t i n g  a n a l y s i s
o f  r a d i a t i o n - t e m p e r a t u r e - f i e l d  f e a t u r e s  i n  a r e g i o n  o f  a tmospheric
f r o n t s  and a t  v a r i o u s  s t a g e s  i n  t h e  development of cyc lones ,  as 
w e l l  as i n  t h e  i n t e r t r o p i c a l  convergence zone and t r o p i c a l  cy
c lones ,  on t h e  basis of data from t h e  Kosmos 1 2 2 ,  Kosmos 1 4 4 ,  
and Kosmos 156 s a t e l l i t e s  [981. 

The s p a t i a l  s t r u c t u r e  of d i s t u r b a n c e s  i n  t h e  rad ia t ion- tem
p e r a t  u r e  f i e l d  determined from outgoing r a d i a t i o n  i n  t h e  8-12-pm 
t r a n sparency window i s  m u l t i s c a l e .  Table  3.22 p r e s e n t s  Kosmos 
1 2 2  data t h a t  c h a r a c t e r i z e  t h e  r e p r o d u c i b i l i t y  of t h e  h o r i z o n t a l  
dimensions of r e g i o n s  w i t h  low r a d i a t i o n  tempera tures  (bounded by 
the  -10°C i so the rm)  and i l l u s t r a t e  t h i s  s t a t emen t  c l e a r l y .  

A s  w e  see ,  l a r g e - s c a l e  d i s t u r b a n c e s  ( > 2 0 0  k m )  account  f o r  74% 
1 o f  a l l  cases  cons idered  (228) .  Here, a n a l y s i s  shows t h a t  



TABLE 3.22. RE.PRODUCIBILITY O F  HORIZONTAL D I M E N S I O N S  O F  REGIONS 
WITH LOW R A D I A T I O N  TEMPERATURES 
S i z e ,  km. . . . . . . 200 200-400 400-600 600-800 800 
R e p r o d u c i b i l i t y ,  I .  . 26 47 1 5  5 7 

d i s t u r b a n c e s  i n  t h e  form o f  e longa ted  b e l t s  w i t h  depressed  radia
t i o n  tempera tures  and h o r i z o n t a l  dimensions from 200 t o  400 km 
are g e n e r a l l y  a s s o c i a t e d  w i t h  co ld  f r o n t s  and i n t e r t r o p i c a l  con
vergence zones ( o c c u r r i n g  a t  a c e r t a i n  d i s t a n c e  from t h e  ground
f r o n t ) ,  w h i l e  d i s t u r b a n c e s  w i t h  s c a l e s  l a r g e r  t h a n  600 km co r re 
spond to cyclones .  

E . I .  To l s t ikov  [155] d i scussed  the  p o s s i b i l i t i e s  f o r  auto
mated a c q u i s i t i o n  of t h e  f i e l d s  of t h e  b a s i c  me teo ro log ica l  ele
ments from t h e  ou tgo ing- rad ia t ion  f i e l d  by t h e  use  of  r ecogn i t ion -
theo ry  methods and examined t h e  p r o s p e c t s  f o r  u se  of t h e  s t a r t i n g
no t ions  of  t h i s  t heo ry  - c l a s s e s  and r e a l i z a t i o n s  - t o  s o l v e  
r a d i a t i o n - s y n o p t i c  problems. I n  t h i s  c o n t e x t ,  t h e  s p a t i a l  s ta
t i s t i c a l  s t r u c t u r e  of  8-12-pm-window r a d i a t i o n  f i e l d s  correspond
i n g  t o  s p e c i f i c  me teo ro log ica l  s i t u a t i o n s  w a s  analyzed i n  t h i s  
con tex t  i n  E1551 f o r  two c l a s s e s  - cloudy and c l o u d l e s s  s k i e s .  
Kosmos 1 4 4  s a t e l l i t e  data f o r  June 1967 were used as t h e  s t a r t i n g
materials;  t h e y  p e r t a i n  t o  t imes  around noon ( 1 0 - 1 4  hour s )  i n  t h e  
Chukotka-Alaska r e g i o n  (50-70" N.  l a t . ,  170"  E .  long.  t o  130" W .  
l o n g . ) .  Seventeen r e a l i z a t i o n  c h a r t s  were s e l e c t e d  w i t h  con
s i d e r a t i o n  of a v a i l a b l e  data from convent iona l  me teo ro log ica l
o b s e r v a t i o n s .  The  q u a n t i t a t i v e  c h a r a c t e r i s t i c s  used f o r  t h e  sta
t i s t i c a l  s t r u c t u r e  of t h e  r a d i a t i o n  f i e l d s  were t h e  three-dimen
s i o n a l  c o r r e l a t i o n  and s t r u c t u r e  f u n c t i o n s .  Analysis  of t h e  
behav io r  of  t h e s e  f u n c t i o n s ,  which are c h a r a c t e r i s t i c  f o r  t h e  
va r ious  s y n o p t i c  s i t u a t i o n s ,  made i t  p o s s i b l e  t o  show t h a t  analy
s i s  of s p a t i a l  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  rad ia t ion- tem
p e r a t u r e  f i e l d  enab le s  us t o  r ecogn ize  s i t u a t i o n s  t o  which va r 
ious  cloudage d i s t r i b u t i o n s  correspond.  

Analys is  of t e l e v i s i o n  and i n f r a r e d  p i c t u r e s  opens t h e  way 
t o  s tudy  of . the morphology of snow and i c e  f i e l d s .  It was found, 
f o r  example, t h a t  t he  tempera ture  of t h e  snow s u r f a c e  i n  the  
polar-cap area n e a r  t h e  South Pole  v a r i e d  from 210 t o  215°K ( 2 9
August 1 9 6 4 ) .  The tempera ture  r i ses  t o  240°K n e a r  t h e  edge of t h e  
A n t a r c t i c  i c e  pack.  W a r m  c e n t e r s  w i t h  t empera ture  r each ing  270°K 
were d e t e c t e d  i n  t h e  c o a s t a l  s t r i p  of V i c t o r i a  Land ( t h e y  w e r e  
probably areas of open water s u r f a c e ) .  Clouds w i t h  t o p  tempera
t u r e s  20' h ighe r  t h a n  t h e  under ly ing-sur face  tempera ture  (230°K) 
were recorded  over  Greenland. Analys is  of i n f r a r e d  p i c t u r e s  Of 
c l o u d l e s s  areas u n d e r l a i n  by l and  showed a r e l a t i o n s h i p  between 
t empera tu re - f i e ld  inhomogenei t ies  and v a r i a t i o n s  i n  the  heat 
c a p a c i t y ,  thermal c o n d u c t i v i t y ,  and moi s tu re  o f  t h e  s o i l .  It i s  
impor tan t  here t h a t  i n  no c a s e  d i d  t h e  Nimbus I s a t e l l i t e  data 
show m a n i f e s t a t i o n s  o f  s u r f a c e - e m i s s i v i t y  inhomogeneity (it  ap
p e a r s  t ha t  d e t e c t i o n  o f  such inhomogenei t ies  w i l l  be p o s s i b l e  only 
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when rad iomete r s  w i t h  h i g h e r  s p a t i a l  and s p e c t r a l  r e s o l u t i o n s  a re  
used) .  Analys is  o f  i n f r a r e d  p i c t u r e s  pe rmi t s  i n v e s t i g a t i o n  o f  

t1 
t h e  topography,  t empera tu re - f i e ld  s t r u c t u r e ,  and thermal char
a c t e r i s t i c s  o f  unde r ly ing  s u r f a c e s .  Determina t ions  o f  tempera
t u r e  on areas o f  t h e  ground s u r f a c e  w i t h  v a r i o u s  e l e v a t i o n s  makes / I98
i t  p o s s i b l e  t o  estimate v e r t i c a l  t empera tu re  g r a d i e n t s .  It has 
been shown t h a t  t he  p o s s i b i l i t y  o f  c l e a r  d i f f e r e n t i a t i o n  o f  r i v e r s  
less t h a n  1 k m  wide Qn n igh t t ime  i n f r a r e d  p i c t u r e s  i s  governed by
t h e  h igher  temperatures o f  t h e  land  areas on t h e  banks,  where t h e  
mois ture  con ten t  of t h e  s o i l  (and,  consequent ly ,  i t s  heat capac i ty )
i s  higher  t h a n  a t  g r e a t e r  d i s t a n c e s  from t h e  r i v e r s .  

I n t e r e s t  a t t a c h e s  t o  t h e  method of  q u a n t i t a t i v e  r a d i a t i o n  
synop t i c s  f o r  s tudy  o f  h u r r i c a n e  cloud s y s t e m s .  Reference [68]
g i v e s  an example i n  which t h e  tempera ture  and he ight  of  t h e  cloud 
t o p s  are determined f o r  t he  area o f  Hurr icane  Gladys on 18  Sep
tember  1 9 6 4  ( in fo rma t ion  on t h e  v e r t i c a l  t empera tu re  p r o f i l e  from 
r a d i o  sounding data w a s  used i n  de t e rmin ing  the  cloud h e i g h t s ) .  
The tempera ture  v a r i e d  from 285'K i n  t h e  "eye" o f  t h e  h u r r i c a n e  t o  
210'K i n  t he  zones w i t h  t h e  highest  c louds .  

Analys is  o f  an i n f r a r e d  p i c t u r e  on which an o l d  occluded low, 
a n  i n t e r t r o p i c a l  convergence zone, and Hurr icane  Dora were re
corded s imul taneous ly  i s  a h igh ly  i n t e r e s t i n g  example. U s e  o f  
. success ive  ( t a k e n  ove r  s e v e r a l  d a y s )  i n f r a r e d  p i c t u r e s  made it 
p o s s i b l e  t o  t r a c e  the  e v o l u t i o n  o f  t h i s  h u r r i c a n e .  The c e n t r a l  
par t  of the  h u r r i c a n e  was covered by  a homogeneous opaque c i r r u s  
c loud cover  a t  210°K, t h e  lowes t  t empera tu re  t ha t  could be  meas
u red  w i t h  the  r ad iomete r  ( a p p a r e n t l y ,  t h e  cloudage was inhomogen
eous,  b u t  i t s  inhomogenei t ies  were smoothed o u t  by t h e  f a c t  t h a t  
t he  cloud-top t empera tu re  was below the  measurement t h r e s h o l d ) .  

A comparison w i t h  data from conven t iona l  weather  obse rva t ions  
showed tha t  t h e  under ly ing-sur face  t empera tu re  d e r i v e d  from sa te l 
l i t e  measurements over  c l o u d l e s s  areas i s  approximately 5'K lower 
t h a n  t h e  a i r  t empera tu re  i n  t h e  Stevenson s c r e e n ,  an o b s e r v a t i o n  
t ha t  must b e  regarded as q u i t e  n a t u r a l  f o r  n i g h t t i m e  c o n d i t i o n s .  

Determinat ions o f  c loud v e r t i c a l  t h i c k n e s s e s  from i n f r a r e d  
p i c t u r e s  t aken  ove r  t he  I n d i a n  Ocean and Western P a c i f i c  r e g i o n s
made i t  p o s s i b l e  t o  d e t e c t  a h e a v i l y  c louded zone o v e r  I n d i a  and 
h igh  clouds a long  the equa to r  and over  t h e  T ibe tan  h igh lands .  

Reference [68] g i v e s  a de ta i led  a n a l y s i s  o f  t h e  v e r t i c a l  at
mospheric s e c t i o n  a long  t h e  mer id ian  o f  140"  E .  long . ,  u s i n g  an 
i n f r a r e d  p i c t u r e  o f  t h e  cloud cover t h a t  r e f l e c t s  the  e x i s t e n c e  
a t  t h a t  p o i n t  i n  t i m e  (19 September 1964) o f  a zone o f  f r o n t a l  
cloudage i n  t h e  wes te rn  P a c i f i c ,  a s t r o n g  p o l a r  j e t  s t r eam,  a de
veloped Typhoon Winda, and a c l o u d l e s s  zone of warm-current con
vergence.  It was found tha t ,  i n  accordance w i t h  known c l i m a t i c  
data ,  t h e  s u r f a c e  t empera tu re  ranged from 290'K to 300'K i n  the  /199 
area o f  t he  w a r m  Kuro Siwo Stream. I n  another .  example, Hurr icane 
Ruby w a s  d e t e c t e d  on i n f r a r e d  p i c t u r e s  f o r  31 August 1964 2 1  hours  
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b e f o r e  t h i s  could be done on t h e  basis  of weather -a i rp lane  data. 

V.G. Boldyrev E351 cons idered  a n  example i n  which t h e  under
ly ing - su r face  tempera ture  was determined from T i r o s  I11 s a t e l l i t e  
data on the  outgoing  r a d i a t i o n  f o r  1 5  J u l y  1 9 6 1 ,  u s i n g  t r a n s f e r -
f u n c t i o n  in fo rma t ion  (see $3 o f  t h i s  c h a p t e r ) .  The mean d e v i a t i o n  
of  t h e  tempera ture  va lues  determined i n  t h i s  way from v a l u e s  t aken  
from a s y n o p t i c  c h a r t  was + 0 . g o  (accord ing  t o  data f o r  25 p o i n t s ) .
If the  mean annual  ( r a t h e r  t h a n  the  J u l y )  t r a n s f e r  f u n c t i o n  d i s 
t r i b u t i o n  c h a r t  i s  used t o  apply t h e  c o r r e c t i o n s ,  t he  mean devia
t i o n  i n c r e a s e s  t o  +2.0°. Reference C351 a l s o  proposed a proce
dure  f o r  de te rmining  t h e  h e i g h t s  o f  c loud tops  from top-tempera
t u r e  de t e rmina t ions  u s i n g  in fo rma t ion  on t h e  g e o p o t e n t i a l  t o  f i n d  
the  v e r t i c a l  t empera ture  p r o f i l e .  An estimate of t he  e r r o r  of  
cloud-top-height de t e rmina t ion  u s i n g  data on t h e  a c t u a l  and prog
n o s t i c  g e o p o t e n t i a l s  showed tha t  v e r t i c a l  t empera ture  p r o f i l e s
determined from t h e  two p o t e n t i a l s  are approximately t h e  same. It 
i s  a l s o  p o s s i b l e  t o  use data on t h e  c l i m a t i c  g e o p o t e n t i a l .  

A ser ies  of  pape r s  by W .  Bandeen and E .  Raschke C81-841 w a s  
devoted t o  f e a t u r e s  of t h e  space-time v a r i a b i l i t y  of t h e  t ropo
s p h e r i c ' h u m i d i t y  f i e l d ,  u s i n g  t h e  method s e t  f o r t h  i n  t h e  preced
i n g  s e c t i o n .  

I n  [84],  ou tgo ing- rad ia t ion  d a t a  measured from 8 February
through 30 June 1 9 6 2  w i t h  the  f ive-channel  radiometer  aboard t h e  
T i r o s  I V  weather s a t e l l i t e  i n  t h e  water-vapor band (5.7-6.9 v m )
and t h e  t r anspa rency  window (8-13 v m )  were used t o  p l o t  n e a r l y
g l o b a l  d i s t r i b u t i o n s  o f  t he  fo l lowing  parameters  : 1) average rela
t i v e  humidity i n  t he  upper t roposphe re ;  2 )  average s u r f a c e  radia
t i o n  t empera tu re  (unde r ly ing  s u r f a c e  or cloud t o p s ) ;  3 )  wa te r  
vapor con ten t  i n  t h e  l a y e r  o f  atmosphere above t h e  500-mbar l e v e l .  

A s  w e  have a l r eady  no ted ,  t h e  method used to process  t h e  
measured data i s  based on c o n s i d e r a t i o n  of  t h e  f a c t  t h a t  i n  t h e  
absence of  c louds ,  t h e  outgoing  r a d i a t i o n  i n  t h e  5.7-6.9-um i n 
t e r v a l  i s  genera ted  c h i e f l y  by  t h e  600-100-mbar l a y e r  of t h e  a t 
mosphere. I n  t h e  p re sence  of  c louds w i t h  h igh  t o p s ,  t h e  l a t t e r  
a l s o  makes a s u b s t a n t i a l  c o n t r i b u t i o n  to t h e  outgoing  r a d i a t i o n  
i n  t h i s  wavelength band. I n  t h i s  c a s e ,  use of t ransparency-
window measured data enab le s  us to determine  t h e  tempera ture  of /200 
t h e  s u r f a c e  and, knowing t h i s  tempera ture ,  t o  " f i l t e r  ou t "  only
the  r a d i a t i o n  of t h e  a tmospher ic  l a y e r  i n  t h e  water-vapor band, 
which s e r v e s  as a n  i n d i c a t o r  o f  upper- t roposphere r e l a t i v e  humid
i t y  ( r e l a t i v e  humidity i s  assumed co.nstant i n  t h e  t roposphe re ,
and t h e  s p e c i f i c  humidi ty  i n  t h e  s t r a t o s p h e r e  i s  assumed e q u a l  t o  
2 g/kg) .  

A s  f o r  de t e rmina t ion  o f  t he  a b s o l u t e  moi s tu re  con ten t  o f  t he  
atmosphere above the  500-mbar l e v e l ,  t h i s  q u a n t i t y  i s  determined 
by a somewhat g e n e r a l i z e d  v e r s i o n  o f  F. M G l l e r ' s  method t h a t  i s  
due t o  W .  Bandeen [871. Bandeen p o i n t e d  o u t  t h a t  there  i s  a good
c o r r e l a t i o n  between tempera ture  a t  t h e  500-mbar l e v e l  and the  
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mois tu re  con ten t  o f  t he  atmosphere above t h i s  l e v e l  a t  a r e l a t i v e  
humidity o f  100%.  The  r ea l  mois ture  c o n t e n t  can be  found by
m u l t i p l y i n g  the  f f s a t u r a t i o n l fmoi s tu re  c o n t e n t  found from t h e  
measured tempera ture  by t h e  r e l a t i v e  humidi ty  determined from 
s a t e l l i t e  data.  The most impor tan t  f a c t o r s  t ha t  compl ica te  t h e  
i n t e r p r e t a t i o n  (and are not  taken  i n t o  accoun t )  i n c l u d e  the  i n 
f l u e n c e  of t h e  nonblackness  o f  t h e  r a d i a t i o n  from upper - leve l
c louds ,  t he  r a d i a t i o n  from a e r o s o l  l a y e r s ,  and t h e  s e l e c t i v i t y
o f  t he  r a d i a t i n g  p r o p e r t i e s  of t h e  unde r ly ing  s u r f a c e .  

Only data p e r t a i n i n g  t o  n a d i r  ang le s  smaller t h a n  4 5 O  were 
processed ,  w i t h  s e p a r a t e  ana lyses  f o r  t he  nadi r -angle  i n t e r v a l s  
from 0 t o  26, 26 t o  36, and 36-45O. The measured data were aver 
aged over  quadrangles  measuring 5O i n  l a t i t u d e  x 5O i n  l o n g i t u d e ,
a l though  t h i s  e n t a i l e d  t h e  use  of nonsimultaneous data f o r  c a l 
c u l a t i o n  o f  t h e  averages  ( t h e  need for averaging  a r o s e  o u t  of t h e  
s t r o n g  i n f l u e n c e  of random n o i s e  i n  t h e  5.7-6.9-um i n t e r v a l ) .  The 
f i n a l  r e s u l t s  were ob ta ined  by averaging  over  10-.day and one-
month p e r i o d s .  

I I I I
1 March 1April 1June 3OJune1962 

Figure  3.27. Zonal Average D i s t r i b u t i o n  o f  Rela
t i v e  Humidity ( % )  i n  t h e  Troposphere According t o  
T i r o s  I V  Data. 

The q u a s i g l o b a l  d i s t r i b u t i o n  c h a r t s  of r e l a t i v e  humidity and 
r a d i a t i o n  tempera ture  ob ta ined  by E .  Raschke and W .  Bandeen demon
s t r a t e  t h e  presence  o f  t h e  c h i e f  r eg ions  o f  h igh  humidity over 
South America, C e n t r a l  A f r i c a ,  and t h e  wes te rn  P a c i f i c  nea r  the 
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i n t e r t r o p i c a l  convergence zone. The s u b t r o p i c a l  h igh-pressure
b e l t s  are c h a r a c t e r i z e d  by low humidi ty .  A narrow b e l t  of mini
mum tempera tu res ,  c o i n c i d i n g  w i t h  t h e  pos i t i0 .n  o f  t h e  i n t e r t r o p i 
c a l  convergence zone, i s  observed i n  e q u a t o r i a l  l a t i t u d e s .  On t h e  
whole, the  r ad ia t ion - t empera tu re  f i e l d  f a i t h f u l l y  r e f l e c t s  t h e  
c l i m a t i c  f e a t u r e s  of  t h e  under ly ing-sur face  and cloudage tempera
tu re  d i s t r i b u t i o n s .  F igu re  3.27 p r e s e n t s  d a t a  c h a r a c t e r i z i n g  t h e  
zone-averaged humidi ty  d i s t r i b u t i o n s  f o r  10-day p e r i o d s  ; t h e y  show 
c l e a r l y ,  f o r  example, t h e  motion of t h e  mois t  (and d r y )  t r a n s -
e q u a t o r i a l  b e l t  from t h e  Northern Hemisphere (February t o  A p r i l )  
to t he  Southern Hemisphere (May t o  J u n e ) .  

The s p a t i a l  d i s t r i b u t i o n  of water-vapor ,content above the  /20 1 
500-mbar l e v e l  reproduces  t h e  tempera ture  f i e l d  a t  t h i s  l e v e l  
almost p e r f e c t l y .  The  upper- t roposphere moi s tu re  con ten t s  d i 
minish from 0.3-0.4 g/cm2 n e a r  t h e  e q u a t o r  t o  0 .02-0 .04  g/cm2 a t  
middle l a t i t u d e s .  The a u t h o r s  of [84] s t r e s s e d  t h a t  use  of t he  
s p e c t r a l  ou tgo ing- rad ia t ion  d a t a  t o  be acqu i r ed  i n  t h e  n e a r  f u t u r e  
w i t h  Nimbus s a t e l l i t e s  w i l l  b e  impor tan t  f o r  f u r t h e r  improvement
of t h e  i n t e r p r e t a t i o n  method. 

W .  Nordberg e t  a l .  [78] used Nimbus I1 d a t a  f o r  a complex
a n a l y s i s  i n  t h e  i n t e r e s t s  of q u a n t i t a t i v e  r a d i a t i o n  s y n o p t i c s .  A s  
w e  noted i n  t h e  p reced ing  s e c t i o n ,  t h e  Nimbus I1 equipment made i t  
p o s s i b l e  t o  a c q u i r e  p i c t u r e s  of t h e  e a r t h  i n  va r ious  bands of t h e  
spectrum (6 .4 -6 .9  u m ,  t h e  r e g i o n  of t h e  water-vapor band; 10-11 um,  
a tmospheric  t r anspa rency  window; 1 4 - 1 6  u m ,  carbon d iox ide  band; 5
30 pm,  i n t e g r a t e d  longwave outgoing  r ad ia t ion ;0 .2 -4 .0  p m ,  i n t e - / 202  
grated shortwave outgoing r a d i a t i o n ) .  Reference [72] g ives  a de
t a i l e d  a n a l y s i s  of  f i v e  s imul taneous  p i c t u r e s  acqu i r ed  i n  v a r i o u s  
r eg ions  o f  t h e  spectrum from data  f o r  1 7  May 1 9 6 6 ;  they enab le  us  
not  only to determine f e a t u r e s  of t h e  s p a t i a l  and v e r t i c a l  cloud-
cover s t r u c t u r e ,  bu t  a l s o  t o  draw i n f e r e n c e s  as t o  t h e  humidity o f  
t h e  upper t roposphe re  and t h e  average tempera tures  of t h e  upper
t roposphe re  and lower s t r a t o s p h e r e .  T h e  f i e l d  of t h e  outgoing
r a d i a t i o n  i n  t h e  water-vapor band was found h igh ly  in fo rma t ive ;
i t  enab le s  us t o  t r a c e  h o r i z o n t a l  inhomogenei t ies  i n  t h e  water -
vapor d i s t r i b u t i o n  and draw i n f e r e n c e s  a s  t o  t h e  boundar ies  be
tween a i r  masses, zones of l a r g e - s c a l e  v e r t i c a l  movements, and 
perhaps t h e  d i r e c t i o n s  o f  J e t  s t r eams .  The case  i n  which Hurr i 
cane A l m a  i s  analyzed as r a d i a t i o n - f i e l d  inhomogenei t ies  i n  f i v e  
segments o f  t h e  spectrum and a s imi la r  example of an  i n t e r t r o p i c a l  
convergence zone are a l s o  h igh ly  i n t e r e s t i n g .  

A pape r  by L.F.  Hubert ,  A .  Timchalk, and S.  F r i t z  [165] makes 
r e f e r e n c e  to t h e  p o s s i b i l i t y  of us ing  i n f r a r e d  p i c t u r e s  of  c loud 
cover t o  estimate maximum wind speeds i n  t r o p i c a l  s torms by a 
method s imi la r  to t h a t  proposed above f o r  r e d u c t i o n  of t e l e v i s i o n  
images. 
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97. 	 POSSIBILITIES FOR INTERPRETATION O F  MEASURED DATA O N  THE OUT
G O I N G  THERMAL RADIO EMISSION 

Obviously,  the  p o s s i b i l i t i e s  t h a t  w e  have d i s c u s s e d  above f o r  
i n t e r p r e t a t i o n  o f  measured d a t a  on t h e  i n f r a r e d  outgoing thermal 
r a d i a t i o n  w i t h  t h e  purpose of de te rmining  under ly ing-sur face  t e m 
p e r a t u r e  or a tmospher ic  mois ture  con ten t  a l s o  apply  i n  p r i n c i p l e  
t o  t h e  outgoing microwave r a d i a t i o n .  F u r t h e r ,  when w e  cons ide r  
t h a t  r a d i o  emiss ion  a t  wavelengths longe r  t h a n  3 cm i s  v i r t u a l l y
una t t enua ted  by c louds ,  t h e  h igh  promise of t h e  microwave band f o r  
sol u t i  on of t h e  under 1y ing -sUT f ace -t emp e ra tu r  e p r  ob 1e m  b ecome s 
c l e a r .  A s  w e  know, h igh -p rec i s ion  measurements o f  t h e  thermal  
r a d i o  emission p r e s e n t  a s e r i o u s  problem i n  t h e  sma l lnes s  of t h e  
measured q u a n t i t i e s  ( t h e  r a d i a n t  f l u x e s  i n  t he  wavelength band 
around 1 0  cm are lo8 t i m e s  smaller t h a n  t h o s e  f o r  1 0  v m ) .  How
e v e r ,  t h e  use of modern microwave r ad iomete r s  m a k e s i t  p o s s i b l e  t o  
s o l v e  t h i s  problem q u i t e  s u c c e s s f u l l y .  T h i s  e x p l a i n s  why a com
p a r a t i v e l y  l a r g e  number of papers  ( s e e ,  f o r  example, [112 ,  132,
157,  166, 1673) have been devoted i n  r e c e n t  y e a r s  t o  s tudy  of t he  
p r o s p e c t s  f o r  use o f  thermal  r a d i o  emiss ion  t o  s o l v e  i n v e r s e  prob
l e m s  o f  s a t e l l i t e  meteorology. Leaving as ide such problems as t h e  
i d e n t i f i c a t i o n  o f  p r e c i p i t a t i o n  zones and s tudy  o f  i c e  cover ,  1203 
ocean waves, e t c . ,  w e  s h a l l  l i m i t  o u r s e l v e s  t o  matters involved  
i n  t h e  de t e rmina t ion  o f  under ly ing-sur face  tempera ture  and atmos
p h e r i c  mois ture  8
con ten t .  
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Figure  3.28. Microwave Ab
s o r p t i o n  Spec t r a  o f  Oxygen 
and Water Vapor. 1) Water 
vapor ;  2 )  oxygen. 

i s  an  i d e a l  t r anspa rency  window 
s u r f a c e  tempera ture .  
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The microwave a b s o r p t i o n  
spectrum of t h e  atmosphere i s  com
p a r a t i v e l y  poor  [28, 1 6 4 1 .  Among
a l l  of t h e  a tmosphere ' s  components,
only water vapor and oxygen, which 
have d i p o l e  moments (magnetic i n  
t h e  case  of  oxygen, e l e c t r i c a l  f o r  
water  v a p o r ) ,  are  a c t i v e  i n  ab
s o r p t i o n  i n  t h i s  case .  Oxygen has 
a system o f  l i n e s  around 0 . 5  cm. 
Water vapor  has i n t e n s e  l i n e s  at 
X = 0 .164  and X =1.348 cm. F igu re
3.28 g i v e s  a n  idea  of t h e  manner 
i n  which t h e  oxygen and water 
vapor  a b s o r p t i o n  c o e f f i c i e n t s  de
pend on wavelength ( w e  n o t e  t h a t  
w i t h  t h e  a b s o m t i o n  c o e f f i c i e n t  a 
expressed  i n  dB/km, t h e  a t t enua 
t i o n  i s  determined by t h e  formula 

J = J o l O " ~ l a x ,  where x i s  t h e  d i s t a n c e  
t r a v e l e d  i n  k i l o m g t e r s ) .  These 
data i n d i c a t e  t h a t  t h e  r e g i o n  of 
wavelengths g r e a t e r  t h a n  2-3 cm 
f o r  de t e rmina t ion  of  t h e  e a r t h ' s  



TABLE 3.23. EMISSIVITIES  ( I )  O F  VARIOUS SUR
FACES I N  DIRECTION O F  NORMAL FOR X = 3 .2  cm 

Underlying Sur face  1 E m i s s i v i t y ,  % 
Sea water 40 
F o r e s t  9 8-99 
Swamp
Snowfield w i t h  thawed 

85 

pa tches
Sea foam, s u r f  

7 5  
99-100 

s o i  1 50 

The f a c t  t h a t  t h e  e m i s s i v i t i e s  of n a t u r a l  under ly ing  s u r f a c e s  
are h igh ly  v a r i a b l e  g i v e s  r i s e  t o  s e r i o u s  d i f f i c u l t i e s .  T h i s  i s  
e v i d e n t  from T a b l e  3.23, which g ives  data  on surface-normal  emis
s i v i t i e s  for a wavelength of 3 . 2  cm [112]. 

T a b l e  3 . 2 3  shows t h a t  woodlands rad ia te  as p r a c t i c a l l y  b l a c k  
bod ies ,  whi le  sea water i s  a ve ry  s t r o n g  r e f l e c t o r .  The l a t t e r  
o therwise  depends ve ry  s t r o n g l y  on t h e  s t a t e  of  t he  ocean s u r f a c e  

/20  4(which becomes a b l ack  body i n  t h e  presence  of  foam and s u r f ) .  -
The e m i s s i v i t y  o f  water  a l s o  depends on tempera ture ,  s a l i n i t y ,
and t h e  h e i g h t  of  waves [130]. According to S . V .  P e r e s l e g i n ' s
c a l c u l a t i o n s  [ l l g ] ,  t h e  e m i s s i v i t y  o f  water depends weakly on 
wavelength i n  t h e  3-15-cm band bu t  i n c r e a s e s  r a p i d l y  toward 
s h o r t e r  wavelengths.  The p resence  of a s t r o n g  tempera ture  de
pendence, which i s  mani fes ted  i n  an i n c r e a s e  i n  e m i s s i v i t y  w i t h  
dec reas ing  t empera tu re ,  i s  a l s o  c h a r a c t e r i s t i c  f o r  t h e  m i l l i m e t e r  
band. The  dec imeter  band i s  c h a r a c t e r i z e d  by  dec reas ing  emis
s i v i t y  w i t h  i n c r e a s i n g  wavelength f o r  s a l t  water and by t h e  ab
sence  o f  a wavelength dependence i n  t h e  case  o f  f resh  water ( t h e
s a l i n i t y  e f f e c t  i s  ve ry  s t r o n g l y  i n  ev idence  i n  t h i s  c a s e ) .  

It i s  q u i t e  impor tan t  to cons ide r  t h e  dependence of emissiv
i t y  on t h e  h e i g h t  o f  waves on a body of  water ;  t h i s  can be s e e n  
from i n s p e c t i o n  of  F i g .  3 . 2 9 ,  which shows r a d i o b r i g h t n e s s  tempera
t u r e  as a f u n c t i o n  of s i g h t i n g  ang le  f o r  v a r i o u s  s t a t e s  of t h e  
ocean s u r f a c e  acco rd ing  t o  F . D .  Jahns [ l l 5 ] .  As we see,  t h e  
s igh t ing -ang le  dependence smooths o u t  w i t h  i n c r e a s i n g  wave h e i g h t
(wind s p e e d ) ,  w i t h  a n  accompanying i n c r e a s e  i n  r a d i o b r i g h t n e s s  
tempera ture .  K . S .  S h i f r i n  and S . N .  I o n i n a  [ l 2 3 ]  showed tha t  t h e  
dependence on wave 'he ight  can be  circumvented by us ing  c i r c u l a r  
p o l a r i z a t i o n  i n  o b s e r v a t i o n s  made a t  t h e  n a d i r  ( t h e  wind-speed
v a r i a t i o n s  o f  e m i s s i v i t y  are i n  t h e  o p p o s i t e  d i r e c t i o n s  f o r  t h e  
h o r i z o n t a l  and v e r t i c a l  p o l a r i z a t i o n  components). 

According t o  C1151, the  r e f l e c t e d  s o l a r  r a d i a t i o n  makes a 
s u b s t a n t i a l  c o n t r i b u t i o n  i n  t h e  dayt ime t o  t h e  r a d i o b r i g h t n e s s  
tempera ture  of  an  ag i ta ted  water s u r f a c e  a t  wavelengths around 
1-2 cm. The r e s u l t i n g  t empera tu re  v a r i a t i o n s  may r u n  to 10-20°K. /205
T h i s  conc lus ion  i s  a l s o  confirmed by t h e  exper imenta l  data  of  



W.T. Kreiss [116].
O f i  

The dependence of e m i s s i v i t y  
on the  type  and s t a t e  of  t h e  
unde r ly ing  s u r f a c e  ( s o i l  mo i s tu re  
i s  impor t an t  i n  the  c a s e  of land) ,
s i g h t i n g  a n g l e ,  and type  of po l 
a r i z a t i o n  of t he  r e c e i v e d  radia
t i o n  makes i t  q u i t e - d i f f i c u l t  b u t  
by no means imposs ib l e  t o  s o l v e  
t h e  problem of under ly ing-sur face  
tempera ture  de t e rmina t ion .  
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4020Sighting angle 60 80 

Figure  3.29. Radiobr ightness
Temperature as a Funct ion  of 
S i g h t i n g  Angle f o r  Various 
S t a t e s  of t h e  Ocean Sur face  
(Wavelengths 1-2  em). 1)
Smooth s u r f a c e ;  2 )  wind 
speed v = 4 m/sec; 3 )  v = 
= 8 m/sec; 4 )  v = 1 4  m/sec. 

The s i t u a t i o n  i s  s i m p l e s t
i n  the case  of woodlands. which 
can be r ega rded  as blacklbody
r a d i a t o r s .  Measurements made by
D.T. Matveyey [ I 2 1 1  over wood
l ands  a t  a wavelength of 1 0  em 
showed t h a t  i n  t h i s  case  p rope r
i n t e r p r e t a t i o n  of t h e  data i s  
complicated by r a d i a t i o n  from 
unwooded areas, which e n t e r s  
through s i d e  lobes  of t h e  an tenna  
p a t t e r n  ( n e e d l e s s  t o  s a y ,  t h i s  
does no t  i n  ofapply the  p resence  

a dense and e x t e n s i v e  f o r e s t e d  a rea) .  

The p o s s i b i l i t i e s  of de te rmining  wa te r - su r face  tempera tures
have been i n v e s t i g a t e d  i n  g r e a t e s t  d e t a i l .  ' I n  view of t h e  d i f 
f i c u l t y  of a b s o l u t e  b r i g h t n e s s  tempera ture  measurements, A.S. 
Gurvich and S.T. Yegorov [117] made a i r c r a f t  measurements of t h e  
r a d i o  emiss ion  a t  9 cm i n  o r d e r  t o  determine t h e  v a r i a t i o n s  of  
b r i g h t n e s s  tempera ture  about  a known tempera ture  a t  a f i x e d  p o i n t
( t h e  f l i g h t s  were made i n  November-December 1964 over  t h e  Caspian 
S e a ) .  When t h e  measured v a l u e s  were connected i n  t h i s  way, t h e  120 6 
l a r g e s t  disagreement  w i t h  t h e  data of d i r e c t  water- temperature  
measurements d i d  n o t  exceed 1.5-2.5OC w i t h  tempera ture  c o n t r a s t s  
up t o  1 0 - 1 2 O C .  A s imi la r  method o f  connec t ion  w i t h  a known t e m 
p e r a t u r e  was used by Yu.1. Rabinovich, G . G .  Shchukin,  and V.V. 
Melent 'yev [ l l 3 ] ,  who used r a d i o m e t r i c  appa ra tus  working i n  t h e  
th ree -cen t ime te r  band ( A  = 3.2 em). The r e s u l t s  of  a i r c r a f t  meas
urements over  Lake Ladoga and t h e  Caspian Sea u s i n g  microwave and 
i n f r a r e d  r ad iomete r s  were found t o  ag ree  s a t i s f a c t o r i l y  w i t h  d i 
r e c t  water - tempera ture  measurements. 

Using a r ad iomete r  a t  9 cm, D.T. Matveyev [ 1 2 0 ]  showed tha t  
i n  t h i s  ca se ,  i r r e s p e c t i v e  of f l i g h t  a l t i t u d e  ( t r a n s f o r m a t i o n  of  
t h e  s u r f a c e  r a d i a t i o n  by t h e  l a y e r  of atmosphere i s  n e g l i g i b l e ) ,  
t he  e r r o r s  o f  a b s o l u t e  sur face- tempera ture  measurements (as i n  
o t h e r  cases  t h a t  a re  connected t o  a r e f e r e n c e  case )  range  from 
1 .5  t o  2 . 5 O C  ( t h e  use of  an an tenna  capab le  of r e c e i v i n g  
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c i r c u l a r l y  p o l a r i z e d  r a d i o  emiss ion  excluded t h e  e f f e c t s  o f  waves 
on t h e  measurement r e s u l t s ) .  T h i s  degree of  accuracy w a s  s u f f i 
c i e n t  f o r  c o n s t r u c t i o n  of a h igh ly  de t a i l ed  tempera ture  c h a r t  o f  
the s u r f a c e  of  the Caspian Sea.  

To a c e r t a i n  e x t e n t ,  t h e  data of  W .  Nordberg, J.  Conaway,
and P .  Thaddeus [I581 s t a n d  i n  c o n t r a d i c t i o n  t o  t h e  above r e s u l t s .  
These a u t h o r s  used a 1.55-cm radiometer  f o r  a i r c r a f t  measurements 
( f rom a l t i t u d e s  from 20 meters  t o  1 2  km) o f  t he  microwave radia
t i o n  of t he  ocean s u r f a c e  (on ly  t h e  h o r i z o n t a l  p o l a r i z a t i o n  com
ponent was measured) ,  and d e t e c t e d  a ve ry  s t r o n g  dependence of 
t he  emiss ion  on s u r f a c e  roughness (wave h e i g h t ) ,  f a r  i n  excess  of 
the va lues  p r e d i c t e d  by theo ry .  The d i f f e r e n c e  between the  r a d i o  
b r i g h t n e s s  tempera tures  (which was p r a c t i c a l l y  independent  of 
n a d i r  a n g l e )  measured f o r  calm and a g i t a t e d  (wind speed 1 4  m/sec) 
ocean s u r f a c e s  w a s  about  2OOC.  From t h i s ,  t h e  a u t h o r s  of C1581 
conclude t h a t  it i s  imposs ib l e  t o  u se  data from such microwave 
measurements t o  determine t h e  tempera ture  of t h e  ocean s u r f a c e ,  
and recommend t h a t  data of t h i s  k ind  be  i n t e r p r e t e d  w i t h  a view 
t o  de te rmining  i t s  s t a t e  (roughness ,  wave h e i g h t ) .  

From t h e  s t a n d p o i n t  of de te rmining  atmospheric  moi s tu re  con
t e n t ,  u s e f u l  i n fo rma t ion  i s ,  of cour se ,  a v a i l a b l e  a t  wavelengths 
a t  which water-vapor a b s o r p t i o n  i s  s t r o n g l y  man i fe s t ed .  The 
1.348-cm l i n e  i s  most convenient  f o r  u se .  

W.T. Kreiss [116] made e x t e n s i v e  c a l c u l a t i o n s  of microwave 
t r ans fo rma t ion  i n  t he  atmosphere;  they  permit  q u a n t i t a t i v e  e s t i 
mates of t h e  c o n t r i b u t i o n  made by s u r f a c e  r a d i a t i o n  and t h e  i n - / 2 0  7 
t e r v e n i n g  atmosphere t o  the  outgoing r a d i a t i o n  a t  va r ious  wave
l e n g t h s  ( f r e q u e n c i e s ) .  

F i g u r e  3.30 p r e s e n t s  t h e  r e s u l t s  of c a l c u l a t i o n s  f o r  s t a n d a r d  
a tmospher ic  c o n d i t i o n s  and a c o n s t a n t  6 0 %  r e l a t i v e  humidity a t  
a l t i t u d e s  up t o  31  km. The  upper p a r t  of t h e  f i g u r e  c h a r a c t e r i z e s  
r a d i o  b r i g h t n e s s  tempera ture  as a f u n c t i o n  of frequency f o r  th ree  
d i f f e r e n t  under ly ing-sur face  e m i s s i v i t i e s  cS ( t h e  dashed v e r t i c a l  
l i n e s  mark o f f  t he  r e g i o n  around t h e  1.348-cm l i n e ) .  The bottom /208 
of t h e  f i g u r e  shows t h e  frequency dependence of  t h e  c o n t r i b u t i o n  
made by t h e  s u r f a c e  to t he  outgoing  r a d i a t i o n .  

The data of F ig .  3.30 c l e a r l y  confirm the  conclus ion  drawn 
above to t h e  e f f e c t  t ha t  t h e  atmosphere i s  p r a c t i c a l l y  t r a n s 
p a r e n t  f o r  r a d i o  emis s ion  a t  wavelengths g r e a t e r  t h a n  3 cm ( f re 
quencies  below 1 0  GHz) . The r a d i o b r i g h t n e s s  tempera ture  i n c r e a s e  
toward h i g h e r  f r e q u e n c i e s  i s  due t o  oxygen a b s o r p t i o n  ( a t  f re 
quencies  around 56 GHz, a l l  three curves  merge a t  t h e  k i n e t i c  
t empera tu re  cor responding  t o  t h e  lower layers  of t h e  t roposphe re ,
s i n c e  t h e  atmosphere becomes opaque here as a r e s u l t  o f  s t r o n g  
oxygen a b s o r p t i o n ) .  The  i n f l u e n c e  of t he  water vapor l i n e  a t  
X = 22.235 GHz (1.348 cm) on a b s o r p t i o n  i s  most s t r o n g l y  m a n i f e s t  
at  s m a l l  under ly ing-sur face  e m i s s i v i t i e s .  T h i s  l i n e  i s  s c a r c e l y  
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Figure  3.30. Transformation of 
Microwave Rad ia t ion  by I n t e r 
vening Atmosphere for Various 
Under 1y ing-Sur fa  ce Em issiv i  -
t i e s  E ~ .  a )  Radiobr ightness  
tempera ture  ( " C )  as a f u n c t i o n  
of f requency;  b )  c o n t r i b u t i o n  
( r e l a t i v e  u n i t s )  o f  under ly ing-
s u r f a c e  r a d i a t i o n  t o  r a d i o -
b r i g h t n e s s  tempera ture  a f t e r  
passage  through t h i c k n e s s  of 
atmosphere. 
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Figure  3 .31 .  S p e c t r a l  D i s 
t r i b u t i o n  o f  Outgoing Radia
t i o n  (Radiobr ightness  Tem
p e r a t u r e ,  O K )  Over Land ( a )
and Sea ( b )  i n  t h e  Presence 
of  Cloudage 6557 Meters 
Thick and Various Water 
Contents (g /m3) .  

d i s c e r n i b l e  a t  l a r g e  E ~ .  Since  
t h e  same t h i n g  happens a t  h igh
atmospheric  h u m i d i t i e s ,  t h i s  
makes i t  d i f f i c u l t  t o  d i s t i n 
gu i sh  t h e  e f f e c t s  of s u r f a c e  
e m i s s i v i t y  ( i f  it i s  unknown)
and moi s tu re  con ten t  on t h e  
outgoing r a d i a t i o n .  

D.L. Croom [126] c a l c u l a t e d  r a d i o b r i  g h t  ne ss temper a t  u re s  i n  
the r e g i o n s  of t h e  water vapor r o t a t i o n a l - l i n e s  a t  1 .35  cm and 
0 .164  cm. S p e c i a l  a t t e n t i o n  was given t o  a n  a n a l y s i s  of  t h e  i n 
f l u e n c e  of s t r a t o s p h e r e  s t r a t i f i c a t i o n  on t h e  ou tgo ing- rad ia t ion
(b r igh tness - t empera tu re ) '  v a l u e s .  The c a l c u l a t i o n s  were made for 
standard-atmosphere c o n d i t i o n s ,  u s ing  two d i f f e r e n t  v e r t i c a l  d i s 
t r i b u t i o n s  o f  water-vapor c o n c e n t r a t i o n  above 1 6  km. The ca l cu la 
t i o n s  for t h e  1.35-cm l i n e  were made f o r  v a r i o u s  e a r t h - s u r f a c e  
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r e f l e c t i v i t i e s  ( 0 ,  0 . 1 ,  0 .3 ,  0 .5 ,  and 1 . 0 ) .  T h e  r e s u l t s  showed 
t h a t  t he  outgoing r a d i a t i o n  i n  t h e  1.35-cm r e g i o n  depends s t r o n g l y  
on the  n a t u r e  of t h e  unde r ly ing  s u r f a c e  and i s  r e l a t i v e l y  i n 
s e n s i t i v e  t o  the  moi s tu re  con ten t  of t h e  e n t i r e  in t .e rvening  a t 
mosphere. 

While t h e  1.35-cm l i n e  man i fe s t s  as an  emiss ion  l i n e ,  t h e  
l i n e  a t  0.164 cm resembles  an a b s o r p t i o n  l i n e .  Because absorp
t i o n  i s  very i n t e n s e  around 0 . 1 6 4  cm, t h e  e f f e c t i v e  t h i c k n e s s  
of the  r a d i a t i n g  atmospheric  l a y e r  drops o f f  s h a r p l y  as t h e  f re 
quency v a r i e s  from t h e  wings toward t h e  c e n t e r  of  t h i s  l i n e .  
T h i s  is ..alsoaccompanied by a dec rease  i n  e f f e c t i v e  tempera ture ,
sirice a i r  tempera ture  d iminishes  w i t h  a l t i t u d e  ( i f  w e  d i s r e g a r d  
t h e  i n f l u e n c e  of t h e  s t r a t o s p h e r e ) ,  i . e . ,  a minimum i s  formed 
a t  t h e  l i n e  c e n t e r .  

Even under  t h e  most f a v o r a b l e  c o n d i t i o n s  (ocean s u r f a c e ) ,  t h e  
v a r i a t i o n  o f  humidi ty  i n  t h e  s t r a t o s p h e r e  causes  v a r i a t i o n s  
amounting t o  only 5OK i n  t h e  e f f e c t i v e  tempera ture  f o r  the  1.35
cm l i n e .  A t  t h e  c e n t e r  of t h e  0.164-cm l i n e ,  these v a r i a t i o n s  
are much more s t r o n g l y  i n  ev idence ,  r each ing  45°K. I n  t h i s  c a s e ,
however', t h e  i n f l u e n c e  of s t r a t o s p h e r e  tempera ture  on t h e  outgoing
r a d i a t i o n  i s  very s t r o n g .  For t h i s  r e a s o n ,  tempera ture  d a t a  must / 2 0 9
be a v a i l a b l e  f o r  de t e rmina t ion  o f  t h e  s t r a t o s p h e r i c  mois ture  con
t e n t  f r o m  t h e  emiss ion  i n  t h e  0.164-cm l i n e .  

I n  t h e  presence  of c louds ,  t h e  ou tgo ing- rad ia t ion  spectrum
i n  t h e  r e g i o n  of t h e  1.35-cm water-vapor l i n e  changes s h a r p l y ,  
as can be  seen  from i n s p e c t i o n  of F i g .  3.31, which shows t h e  r e 
s u l t s  of W.T. K r e i s s '  c a l c u l a t i o n s  [116]- - for  l and  (cs = 0.95)  and 
sea ( w i t h  c o n s i d e r a t i o n  of  t h e  frequency dependence of  c S )  f o r  a 
cloud th i ckness  o f  6557 meters  and v a r i o u s  water  con ten t s  ( f r o m  
0 . 0  to 4 . 0  g/m.3). A t  a water con ten t  of  4 . 0  g / m 3 ,  t h e  c loud 
becomes t o t a l l y  opaque and t h e  outgoing r a d i a t i o n  i s  i d e n t i c a l  
t o  t h e  black-body r a d i a t i o n  a t  cloud-top tempera ture .  N a t u r a l l y ,
t h e  p r o p e r t i e s  of t h e  unde r ly ing  s u r f a c e  a r e  no t  r e f l e c t e d  i n  
any way i n  t h e  ou tgo ing- rad ia t ion  spectrum i n  t h i s  c a s e .  

Analys is  o f  t h e  data o f  F i g s .  3.30-3.31 from t h e  s t a n d p o i n t  /210
o f  de t e rmina t ion  o f  a tmospheric  mois ture  con ten t  f r o m t h e  outgoing
r a d i a t i o n  l e a d s  a t  once t o  t h e  conclus ion  t h a t  a s o l u t i o n  t o  t h i s  
problem can b e  found only f o r  c loudless -sky  c o n d i t i o n s .  And even 
i n  t h i s  case ,  t h e  i n f l u e n c e  of t he  "hot"  background p r e s e n t e d  by
t h e  under ly ing-sur face  r a d i a t i o n  w i t h  i t s  s t r o n g l y  va ry ing  e m i s 
s i v i t y  c r e a t e s  a very  d i f f i c u l t  s i t u a t i o n .  Only ove r  water s u r 
f a c e s  i s  t h e  presence  of t he  water-vapor l i n e  c l e a r l y  i n  ev idence  
i n  t he  ou tgo ing- rad ia t ion  spectrum. The  r e s u l t s  o f  c a l c u l a t i o n s  
made by Yu; I .  Rabinovich and G . G .  Shchukin [ l l 4 ]  f o r  t h e  1.35-cm 
wavelength and v a r i o u s  s t r a t i f i c a t i o n s  of a c l o u d l e s s  atmosphere 
over  t h e  ocean i n d i c a t e  t ha t  i n  t h i s  case  t h e r e  i s  a d i s t i n c t  de
pendence of r a d i o b r i g h t n e s s  tempera ture  on t h e  mois ture  con ten t  
of t h e  i n t e r v e n i n g  atmosphere.  The  e f f e c t s  of v a r i a t i o n s  i n  



atmospheric  s t r a t i f i c a t i o n  and s a l i n i t y  are comparat ively minor. 
The t o t a l  a b s o l u t e  e r r o r  o f  the  humidi ty  d e t e r m i n a t i o n  i s  char
a c t e r i z e d  by t h e  fo l lowing  d a t a :  

Range o f  humidi ty  v a r i a t i o n  0-10 10-25 25-55 
Absolute e r r o r ,  mm o f  p r e c i p i 

ta ted water 2 .5  3.5 4.5 

K.S .  S h i f r i n ,  Yu.1. Rabinovich, and G . G .  Shchukin [163] made 
a i r c r a f t  measurements o f  the  ascending  microwave f l u x e s  us ing  a 
four-channel r ad iomete r  working a t  wavelengths  o f  0 . 8 ,  1.35, 1 . 6 ,  
and 3.2 cm ( t h e  average  s e n s i t i v i t y  of t h e  r ad iomete r s  w a s  1 . 2 O K  
w i t h  a t i m e  cons t an t  o f  1 second) .  The data from measurements I n  
t h e  Caspian Sea and Lake Ladoga areas ( t h e  f l i g h t  a l t i t u d e s  ranged 
up t o  9-10 k m )  for t he  1.35-cm wavelength were used t o  determine 
the  humidity o f  t h e  i n t e r v e n i n g  c l o u d l e s s  atmosphere.  Comparison 
w i t h  t h e  r e s u l t s  o f  a i r c r a f t  soundings showed an  average  r e l a t i v e  
e r r o r  o f  88, w i t h  maximum e r r o r s  no greater t h a n  16% ( i n  a b s o l u t e  
terms, t h i s  corresponds t o  2.5 and 4 .0  mm of  p r e c i p i t a t e d  water).  

We n o t e  i n  conc lus ion  t h a t  t he  p o s s i b i l i t y  o f  de te rmining
humidity f rom measured r ad io -abso rp t ion  data f o r  t h e  i n t e r v e n i n g
atmosphere has been aff i rmed i n  a number o f  pape r s  (see,  f o r  ex
ample, [118, 1 2 2 ,  1 2 4 ,  125, 127-129, 1311 . W.B. Lenoir  [132] 
demonstrated t h e  p o s s i b i l i t y  i n  p r i n c i p l e  o f  de te rmining  t h e  
average tempera ture  of a 20-km l a y e r  of  atmosphere cen te red  a t  
the  75-km l e v e l  from measured data on t h e  outgoing  r a d i a t i o n  i n  
t h e  0.5-cm oxygen l i n e .  

The f i r s t  d i r e c t  measurements o f  ou tgoing  microwave radia
t i o n  a t  va r ious  f r e q u e n c i e s  were made on the  Kosmos 249 s a t e l l i t e .  
I n t e r p r e t a t i o n  o f  these measurements has made i t  p o s s i b l e  t o  de
te rmine  a series of geophys ica l  parameters, i n c l u d i n g  t h e  i n t e 
grated mois ture  con ten t  o f  t h e  atmosphere C l 4 0 ,  1591. 



C h a p t e r  4 /211 

SEMIEMPIRICAL INTERPRETATION O F  M E A S U R E D  DATA 
ON THE OUTGOING THERMAL RADIATION 

I n  che p reced ing  c h a p t e r ,  w e  .examined t h e  p o s s i b i l i t i e s  f o r  
q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  measured outgoing  the rma l  radia
t i o n  data w i t h  t h e  purpose o f  de te rmining  t h e  tempera ture  of  t h e  
unde r ly ing  s u r f a c e  o r  t h e  cloud t o p s ,  as w e l l ,  as q u a l i t a t i v e
i n t e r p r e t a t i o n  w i t h i n  t he  framework of  r a d i a t i o n  s y n o p t i c s .
Analysis  o f  s a t e l l i t e  a c t i n o m e t r i c  i n fo rma t ion  i n d i c a t e s  t h e  
e x i s t e n c e  of  a whole se r ies  of  q u i t e  r e l i a b l e  c o r r e l a t i o n  l i n k s  
between t h e  c h a r a c t e r i s t i c s  o f  the r a d i a t i o n  f i e l d  and v a r i o u s  
me teo ro log ica l  parameters .  U s e  of these r e l a t i o n s h i p s  enab le s  us  
t o  determine va r ious  me teo ro log ica l  e lements  from r a d i a t i o n  data 
by t h e  use of semiempir ica l  i n t e r p r e t a t i o n  methods. The o b j e c t
of  t h e  p r e s e n t  c h a p t e r  i s  t o  d i s c u s s  these p o s s i b i l i t i e s .  We 
sha l l  a l s o  cons ide r  t h e  problem o f  de te rmining  s t r a t o s p h e r e  t e m 
p e r a t u r e  from measured outgoing  r a d i a t i o n  d a t a  f o r  a broad seg
ment o f  t h e  l5-vm carbon d iox ide  band, a problem w i t h  a c l e a r  
p h y s i c a l  basis .  

Sl. CORRELATION LINKS BETWEEN THE O U T G O I N G  R A D I A T I O N  AND CERTAIN 
METEOROLOGICAL PARAMETERS 

The e n e r g e t i c s  o f  t h e  a t m o s p h e r e .  Since  the  outgoing radia
t i o n  i s  a component of t h e  atmosphere 's  energy budget ,  i t  i s  
n a t u r a l  t o  seek f i r s t  o f  a l l  r e l a t i o n s h i p s  between t h e  outgoing
r a d i a t i o n  and the  energy-budget components, p r i m a r i l y  t h e  long-
wave r a d i a t i o n  budget ( t h e  long-wave r a d i a n t  i n f l u x  of  heat f o r  
t h e  e n t i r e  t h i c k n e s s  of t he  a tmosphere) .  R . R .  S a b a t i n i  and V.E.  
Suomi [l] used ac t inometr ic -sounding  d a t a  t o  f i n d  t h e  c o r r e l a t i o n  
l i n k  /212 

where F, i s  t h e  outgoing  r a d i a t i o n ,  Fa i s  t h e  long-wave r a d i a t i o n  
ba lance ,  and -k and b- are  e m p i r i c a l  c o e f f i c i e n t s .  

K . Y a .  Kondrat 'yev and L.N.  D'yachenko [2]  showed t h a t  Rela
t i o n  ( 4 . 1 )  i s  s a t s i f i e d  on ly  when i t  i s  adapted f o r  c l e a r  and 
cloudy s k y  c o n d i t i o n s  and t h e  w a r m  and co ld  seasons .  The  c o r r e l a 
t i o n  of  t h e  ( 4 . 1 )  t ype  i s  p a r t i c u l a r l y  h igh  i n  the  presence  of  
low clouds o f  t h e  F rNb ,  N s ,  and Cb t y p e s ,  when t h e  e f f e c t i v e  radia
t i o n  from the  unde r ly ing  s u r f a c e  i s  p r a c t i c a l l y  zero ( i . e . ,  the  
outgoing  r a d i a t i o n  and t h e  long-wave ba lance  are  s i m i l a r  i n  magni
t u d e ) .  



TABLE 4 . 1 .  VALUES OF COEFFICIENTS I N  THE EMPIRICAL 
FORMULA ( 4 . 1 )  

~- ._ 

Summer .Winter 
-

overcast 1 dear overcast I clear 
I I 

k . . . . . 0,948(0,76) 0,693 (0,65) 0,845 0,701 
b . . . . . 0.017 (0,097) 0.138 (0,152) 0,o.zi 0,100 
r . . . . . 0,09(0,85) 0,92 (0 ,87)  0.98 0,89 
n . . . . .  33 66 54 25 

T a b l e  4 . 1  g ives  the  cor responding  va lues  of t h e  c o e f f i c i e n t s  
i n  Formula (4.1), t h e  c o r r e l a t i o n  c o e f f i c i e n t s  E, and t h e  number 
o f  cases  cons idered ,  2. The c o e f f i c i e n t s  acco rd ing  t o  [l] are 
given i n  pa ren theses .  

T h i s  t a b l e  shows t h a t  f o r  a g iven  outgoing r a d i a t i o n ,  t h e  
long-wave ba lance  i s  cons iderably  l a r g e r  f o r  cloudy t h a n  f o r  c l e a r  
sk i e s  ( t h e , c o e f f i c i e n t  i s  much smaller i n  t h e  former c a s e ) .
T h i s  d i f f e r e n c e  i s  about  0 .08  cal/cm2min o r  30% o f  t h e  outgoing
r a d i a t i o n ;  t h i s  i n d i c a t e s  t h e  e x i s t e n c e  o f  d i f f e r e n t i a t i o n  between 
c l e a r  and cloudy sky c o n d i t i o n s .  

U s e  of t h e  c o r r e l a t i o n  formula ( 4 . 1 )  i s  o f  g r e a t  i n t e r e s t  
from the s t a n d p o i n t  of the  p o s s i b i l i t y  o f  de te rmining  t h e  long-
wave component o f  t h e  r a d i a n t  heat i n f l u x  from s a t e l l i t e  data on 
the  outgoing r a d i a t i o n .  However, i t  must be  s t ressed tha t  t h e  
r a w  o b s e r v a t i o n a l  m a t e r i a l  used t o  compute t h e  c o e f f i c i e n t s  of  
Formula ( 4 . 1 )  cannot be  regarded  as adequate .  T h i s  formula re
q u i r e s  a f i r m e r  s t a t i s t i c a l  j u s t i f i c a t i o n .  

W.L. Smith, L.H. Horn, and D.R.  Johnson [3] made,an a t tempt  
t o  d i f f e r e n t i a t e  t h e  c o r r e l a t i o n  l i n k  between t h e  outgoing radia
t i o n  and t h e  r a d i a n t  heat i n f l u x  f o r  v a r i o u s  l a y e r s  of t h e  atmos- / 2 l 3
phe re ,  u s ing  data from 64 s e r i e s  of  v e r t i c a l  longwave r a d i a n t  
f l u x  p r o f i l e s  measured w i t h  a c t i n o m e t r i c  rad iosondes  and s a t e l l i t e  
(T i ros  11) measurements o f  t h e  outgoing r a d i a t i o n  i n  the  7-13-pm 
t r anspa rency  window and a broad r e g i o n  I n  t h e  i n f r a r e d  (7-32 pm)
f o r  t h e  p e r i o d  from 19 December 1960 t o  1 8  January 1961 .  As a 
r u l e ,  t h e  t i m e  d i f f e r e n c e  between t h e  s a t e l l i t e  data and t h e  ac
t i n o m e t r i c  rad iosonde  r e s u l t s  d i d  no t  exceed 4 hours  ( i n c r e a s i n g  
t o  7 hours  only i n  a f e w  c a s e s ) .  

The c o r r e l a t i o n  between the r a d i a n t  heat i n f l u x  i n  28 l a y e r s
of  t he  atmosphere and the  outgoing r a d i a t i o n  i n  t h e  t r anspa rency
window was found t o  b e  h ighe r  t han  t h a t  f o r  t h e  i n t e g r a t e d  long-
wave r a d i a t i o n ,  p a r t l y  as a r e s u l t  of t h e  h i g h e r  accuracy o f  t h e  
transparency-window measurements. I n  a l l  c a s e s ,  t h e  c o r r e l a t i o n -
c o e f f i c i e n t  va lues  i n c r e a s e d  w i t h  i n c r e a s i n g  t h i c k n e s s  o f  t h e  
l a y e r  f o r  which t h e  r a d i a n t  hea t  i n f l u x  i s  determined.  If t h e  
t h i c k n e s s  of  t h e  l a y e r  of  atmosphere i s  i n c r e a s e d  from ground 
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l e v e l  upward, t h e  c o r r e l a t i o n  c o e f f i c i e n t s  become q u i t e  h igh  even 
f o r  a layer  whose upper  boundary i s  n e a r  600  mbar. 

Analysis  of data f o r  a c l e a r  sky o r  i n s i g n i f i c a n t  c loud iness  
i n d i c a t e d  t h a t  i n  t h i s  c a s e  t h e  outgoing r a d i a t i o n  best cha rac t e r 
i z e s  t h e  r a d i a n t  heat i n f l u x  i n  t h e  l a y e r  from t h e  ground t o  t h e  
600-mbar l e v e l .  I n  t h e  presence  of c louds ,  there  i s  a n e g a t i v e
c o r r e l a t i o n  f o r  t h e  h e a t  i n f l u x  i n  t h e  l a y e r  from the  ground t o  
t h e  700-mbar l e v e l ,  bu t  a p o s i t i v e  c o r r e l a t i o n  i f  t h e  upper bound
a r y  of  t h e  l a y e r  i s  r a i s e d  t o  t he  600-mbar l e v e l  or h i g h e r .  Be
cause of  t h i s  d i f f e r e n c e ,  t h e  c o r r e l a t i o n  l i n k  i s  q u e s t i o n  may be 
more r e l i a b l e  i n  the  presence  o f  independent  data on the  cloudage.
It w i l l  probably a l s o  be  necessary  t o  take account of  t h e  d i f f e r 
ence between t h e  c o r r e l a t i o n  l i n k s  as i t  depends on l a t i t u d e  and 
o t h e r  f a c t o r s .  Needless t o  s a y ,  cont inued  s tudy  u s i n g  a l a r g e r
volume of  measured data w i l l  b e  even more necessary  i n  t h i s  case .  

P .A .  Davies [41 a l s o  analyzed t h e  p o s s i b i l i t i e s  f o r  use  o f  
T i r o s  I11 weather  s a t e l l i t e  ou tgo ing- rad ia t ion  data t o  e v a l u a t e  
nonad iaba t i c  h e a t i n g  and coo l ing  of t h e  atmosphere.  I n  t h i s  ca se ,  
t h e  a n a l y s i s  w a s  based on s a t e l l i t e  d a t a  for f o u r  o r b i t s  i n  m i d -
Ju ly  of 1 9 6 1 ,  which were averaged over squa res  measuring 4" i n  
l a t i t u d e  X 4" i n  l o n g i t u d e ;  only r e s u l t s  p e r t a i n i n g  t o  n a d i r  
ang le s  smaller t h a n  45" were used i n  t h e  r e d u c t i o n  (a t  t h e  n a d i r ,  
t h e  area covered b y  t h e  r a d i o m e t e r ' s  f i e l d  i s  about 3700 k m 2 ) .
S ince  t h e  b a s i c  f a c t o r  de te rmining  t h e  gene ra t ion  of zonal  a v a i l - /214 
able p o t e n t i a l  energy ( t h e  p a r t  of t h e  p o t e n t i a l  energy tha t  can 
be converted t o  k i n e t i c )  i s  mer id iona l  d i f f e r e n t i a l  h e a t i n g  ( o r
c o o l i n g ) ,  t h e  b a s i c  a t t e n t i o n  i n  [ 4 ]  was concen t r a t ed  on t h i s  
q u a n t i t y .  

The fo l lowing  components of  the  heat i n f l u x  were computed on 
t h e  basis of cloudage and a t m o s p h e r i c - s t r a t i f i c a t i o n  in fo rma t ion :  
r a d i a n t  coo l ing  due t o  long-wave r a d i a t i o n ,  h e a t i n g  r e s u l t i n g  from 
a b s o r p t i o n  of  solar r a d i a t i o n ,  t h e  heat i n f l u x  due t o  phase t r a n s 
format ions  o f  water i n  t h e  atmosphere,  and t u r b u l e n t  h e a t  exchange
between t h e  under ly ing  s u r f a c e  and t h e  atmosphere.  

P.A.  Davies noted  t h a t  t h e  c o r r e l a t i o n  between t h e  outgoing
r a d i a t i o n  and t h e  a tmosphere ' s  long-wave ba lance  i s  governed by
t h e  fo l lowing  c i rcumstances .  Both t h e  outgoing r a d i a t i o n  and the 
r a d i a n t  heat i n f l u x  are determined p r i m a r i l y  by cloudage condi
t i o n s .  Cloud-top h e i g h t  i s  d e c i s i v e  f o r  t he  outgoing lOng-WaVe
r a d i a t i o n ,  and t h e  p o s i t i o n  of t he  cloud bottoms f o r  t he  e f f e c t i v e  
r a d i a t i o n  from the  ea r th ' s  s u r f a c e .  The  r a d i a n t  heat i n f l u x  i s  
determined,  as t h e  d i f f e r e n c e ,  by bo th  f a c t o r s :  t h e  p o s i t i o n s  of 
t h e  bottom and t o p  of  t h e  cloud cover .  The  l a r g e s t  r a d i a n t  heat 
i n f l u x  should  be  observed i n  the  p resence  of a ground fog ,  when 
t h e  e f f e c t i v e  r a d i a t i o n  i s  zero  and t h e  outgoing  r a d i a t i o n  i s  
q u i t e  l a r g e .  The smallest  v a l u e s  w i l l  occur  under c o n d i t i o n s  
such tha t  t h e  outgoing  and e f f e c t i v e  r a d i a t i o n s  are  s m a l l  ( f o r
example, i n  t h e  p re sence  o f  v e r t i c a l l y  developed c louds ,  when t h e  
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cloud bottoms a re  low and t h e  t o p s  may r each  t h e  t ropopause ) .  It 
i s  obvious from t h e  examples g iven  here tha t  t h e  c o r r e l a t i o n  be
tween t h e  outgoing  r a d i a t i o n  and t h e  r a d i a n t  heat i n f l u x  cannot be  
p e r f e c t  ( f o r  example, because the  outgoing  r a d i a t i o n  undergoes a l 
most no change i n  t h e  presence  of a ground f o g ,  wh i l e  t h e r e  i s  a 
sha rp  d i s c o n t i n u i t y  i n  t h e  e f f e c t i v e  r a d i a t i o n ) .  

The c o r r e l a t i o n  between t h e  q u a n t i t i e s  l i s t e d  above and t h e  
outgoing r a d i a t i o n  was analyzed i n  [ 4 ]  on t h e  basis of  c a l c u l a t e d  
r e s u l t s  f o r  t h e  mean mer id iona l  p r o f i l e s  of  t he  outgoing  thermal  
r a d i a t i o n ,  t h e  r e f l e c t e d  s o l a r  r a d i a t i o n ,  r a d i a n t  heat i n f l u x  
( t o t a l  and long-wave component), and t h e  t o t a l  h e a t  i n f l u x  w i t h  
c o n s i d e r a t i o n  of  r a d i a t i o n ,  phase t r ans fo rma t ions  o f  wa te r ,  and 
t u r b u l e n t  heat exchange. T h i s  a n a l y s i s  showed t h a t  t h e  c o r r e l a 
t i o n  between t h e  outgoing r a d i a t i o n  and t h e  t o t a l  h e a t  i n f l u x  i s  
u n s a t i s f a c t o r y .  A h igh  c o r r e l a t i o n  o b t a i n s  between such quan t i 
t i e s  as outgoing  longwave r a d i a t i o n  and r a d i a t i o n  tempera ture ,
outgoing r a d i a t i o n  o r  absorbed s o l a r  r a d i a t i o n  and degree  of c loud 
cover ,  and cloud-top a l t i t u d e  and r a d i a t i o n  tempera ture .  It i s  1 2 1 5
i n t e r e s t i n g  t h a t  t h e  t o t a l  r a d i a n t  heat i n f l u x  c o r r e l a t e s  much 
more s t r o n g l y  w i t h  t h e  outgoing r a d i a t i o n  t h a n  w i t h  the  longwave
r a d i a n t  h e a t  i n f l u x  ( t h e  same a p p l i e s  t o  t h e  corresponding cor re
l a t i o n  w i t h  ground-surface t e m p e r a t u r e ) .  

The s m a l l  n e g a t i v e  c o r r e l a t i o n  observed by P . A .  Davies be
tween t h e  t o t a l  r a d i a n t  h e a t  i n f l u x  and t o t a l  energy can be  i n 
t e r p r e t e d  as a consequence of t h e  g e n e r a t i o n  of p o t e n t i a l  energy 
a t  t h e  expense o f  r a d i a n t  h e a t  i n f l u x .  It has been shown tha t  
ve ry  s t r o n g  c o r r e l a t i o n  i s  observed between t h e  r e f l e c t e d  solar 
r a d i a t i o n  (outgoing  shortwave r a d i a t i o n )  and t h e  fo l lowing  quan
t i t i e s  : s o l a r  r a d i a t i o n  absorbed by  t h e  atmosphere,  r a d i a t i o n  t e m 
p e r a t u r e ;  a parameter  c h a r a c t e r i z i n g  t h e  t h i c k n e s s  and top  h e i g h t s
of c louds .  Hence w e  may conclude t h a t  t h e  r e s u l t s  of  outgoing
shortwave r a d i a t i o n  measurements a re  h igh ly  i n f o r m a t i v e .  D i f f i 
c u l t i e s  i n  q u a n t i t a t i v e  e v a l u a t i o n  of t h e  h e a t  i n f l u x e s  due t o  
water phase t r a n s f o r m a t i o n s  i n  t h e  atmosphere and t u r b u l e n t  heat 
exchange made i t  imposs ib l e  t o  o b t a i n  d a t a  on t h e  c o e f f i c i e n t  of  
c o r r e l a t i o n  between t h e s e  q u a n t i t i e s .  S e m i q u a n t i t a t i v e  e s t i m a t e s  
based on c l i m a t o l o g i c a l  d a t a  r e s u l t e d  i n  t h e  fo l lowing  conclusions:  
1) nega t ive  c o r r e l a t i o n  i s  observed between t h e  heat o f  condensa
t i o n  and t h e  t o t a l  r a d i a n t  heat i n f l u x  ( t h e  same a p p l i e s  f o r  t h e  
e f f e c t i v e  t empera tu re )  ; 2 )  t h e  c o r r e l a t i o n  between heat o f  con
densa t ion  and cloud-top h e i g h t  i s  r a t h e r  h igh ;  3 )  t h e r e  i s  a very
d e f i n i t e  r e l a t i o n  between r a d i a t i o n  tempera ture  and t o t a l  heat i n 
f l u x  w i t h  c o n s i d e r a t i o n  of r a d i a t i o n  and condensa t ion ;  4 )  radia
t i o n  tempera ture  a l s o  c o r r e l a t e s  w e l l  w i t h  t u r b u l e n t  heat exchange
between t h e  e a r t h ' s  s u r f a c e  and t h e  atmosphere.  The  p r i n c i p a l
conclus ion  ob ta ined  by P.A. Davies [4] i s  t h a t  t h e  r e s u l t s  of 
s a t e l l i t e  measurements o f  e f f e c t i v e  tempera ture  f o r  t h e  8-12-pm 
t r anspa rency  window and t h e  outgoing shortwave r a d i a t i o n  a r e  of 
cons ide rab le  i n t e r e s t  f o r  de t e rmina t ion  of  h e a t  i n f l u x  and i t s  
components. 



With the d e t e c t i o n  of c o r r e l a t i o n  between the  outgoing long-
wave r a d i a t i o n  and the  r a d i a n t  heat i n f l u x ,  a number o f  a t t empt s  
were made t o  ana lyze  t h e  i n f l u e n c e  of r a d i a n t  cool ing  on the  at
mosphere's energy budget and dynamics and t h e  p o s s i b i l i t i e s  f o r  
c a l c u l a t i o n  of the atmosphere 's  thermodynamic parameters  from 
measured outgoing  r a d i a t i o n  data. 

Using the  average-energy-level  concept ion ,  Ye.P. Borisenkov 
C181 p o i n t e d  ou t  t h e  p o s s i b i l i t y  i n  p r i n c i p l e  o f  i n t e r p r e t i n g
measured outgoing  thermal  r a d i a t i o n  data i n  t h e  i n t e r e s t s  o f  at
mospheric-energet ics  r e s e a r c h .  

If TO i s  t h e  under ly ing-sur face  tempera ture  and Ta i s  t h e  121.6-
t empera ture  cor responding  to t he  mean energy l e v e l ,  the  fol-lowing
r e l a t i o n s h i p  can be demonstrated:  

where A 
P i s  the  p o l y t r o p i c  exponent,  T/To = (P/Po)'P; E i s  the  

atmospheric  p r e s s u r e .  

To can be determined from measured ou tgo ing- rad ia t ion  data 
f o r  c l o u d l e s s  sky i n  the  8-12-pm t r anspa rency  window. I n  t he  pre
sence  of  c louds ,  only data on the  r a d i o  emission,  f o r  which clouds 
are t r a n s p a r e n t ,  can b e  used.  The tempera ture  Ta i s  re la ted  as 
fo l lows  w i t h  the  r a d i a t i o n  tempera ture  T* determined from t h e  
measured i n t e g r a t e d  longwave outgoing  r a d i a t i o n  : 

T* =RT,, ( 4 . 3 )  

where k = $-*L v a r i e s  from 1 . 0 0 9  t o  1 .036.  
/-

Applying ( 4 . 2 )  and ( 4 . 3 ) ,  w e  have 

( 4 . 4 )  

Having c a l c u l a t e d  t h e  p o l y t r o p i c  exponent AP '  
w e  can  deter

mine a whole se r ies  of  impor t an t  ene rgy  parameters .  

L e t  us  examine t h e  fo l lowing  expres s ions  f o r  t he  i n t e r n a l  I 
and p o t e n t i a l  ll e n e r g i e s  of a column o f  atmosphere of u n i t  c r o s s  
s e c t i o n :  
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Here, i s  the  mechanical  e q u i v a l e n t  o f  work, g i s  t h e  ac
c e l e r a t i o n  of  g r a v i t y ,  p i s  t h e  d e n s i t y ,  z a l t i t u d e ,  E p r e s s u r e ,  
and P O  t h e  p r e s s u r e  a t  ground leve l ;  cv is t h e  s p e c i f i c  h e a t  a t  
c o n s t a n t  volume. 

Using t h e  p o l y t r o p i c  equa t ion ,  w e  o b t a i n  

O r ,  for the  i n t e r n a l  energy I1 of a u n i t  mass /217 

1,- y 
+ i p  

o ( 4 . 8 )  

S i m i l a r l y ,  w e  o b t a i n  f o r  t h e  p o t e n t i a l  energy 

(4.9) 


where R i s  t h e  gas  c o n s t a n t ,  o r  

(4.10) 


The fo l lowing  e x p r e s s i o n  i s  known f o r  t h e  u s e f u l  p o t e n t i a l  energy
L '  : 

(4.11) 


where ya = g/c P i s  t h e  a d i a b a t i c  t empera tu re  g r a d i e n t  and X = 

= Rya/g. 

Examination o f  Formulas ( 4 . 8 ) ,  (4 .10) ,  and ( 4 . 1 1 )  shows t h a t  
import  a n t  components o f  t h e  atmosphere ' s  energy-budget equa t ion  
can be  found from known T O ,  Ta (or T*) and p o .  The p o s s i b i l i t i e s  
f o r  de t e rmina t ion  of To and Ta ( o r  T*)  and XP 

were i n d i c a t e d  above. 
A s  concerns t h e  ground p r e s s u r e  P O ,  i t  i s  s u b j e c t  t o  t h e  fol low
i n g  r e l a t i o n s h i p  accord ing  t o  t h e  mean-energy-level concept :  

( 4 . 1 2 )  



. .  

I 


Here pa i s  the  p r e s s u r e  a t  the  mean l e v e l .  With t h e  u s u a l l y  
encountered XP,  t h e  c o e f f i c i e n t  a 0.395, which corresponds t o  

Pa 400 mbar.  Needless t o  s a y ,  u s e  of  d i r e c t l y  measured P O  g i v e s  
t h e  most r e l i ab le  r e s u l t s .  

Ye.P. Borisenkov [18] a l s o  d e r i v e d  the  fo l lowing  approximate
formulas f o r  t he  mean tempera ture  Tm o f  t h e  PO-400-mbar l a y e r  and 
t h e  h e i g h t  H40 0 : 

(4.14) 


Since  the  method proposed by Ye.P. Borisenkov f o r  c a l c u l a t i o n  
of t h e  atmosphere 's  thermodynamic v a r i a b l e s  i s  approximate,  i t  re
q u i r e s  c a r e f u l  expe r imen ta l  v e r i f i c a t i o n .  Even i n  i t s  p r e s e n t  1218 
form, however, t h i s  method i s  unques t ionably  of i n t e r e s t  from t h e  
s t andpo in t  of s e e k i n g  c o r r e l a t i o n  l i n k s  w i t h  d e f i n i t e  p h y s i c a l  
r o o t s .  Q u a n t i t a t i v e  estimates of the  i n d i v i d u a l  energy-budget 
components a re  a l s o  impor t an t  i n  t h i s  c o n t e x t .  T a b l e  4 . 2  p r e s e n t s
Yu.V. Kur i lova ' s  c a l c u l a t e d  order-of-magnitude r e s u l t s  E191 f o r  
v a r i o u s  components i n  t h e  energy e q u a t i o n  and t h e i r  d i u r n a l  v a r i a 
t i o n s  f o r  a u n i t  column of  atmosphere.  A l l  v a l u e s  were ob ta ined  
as averages from more t h a n  5 0  s p e c i f i c  c a s e s .  The e f f e c t i v e  long-
wave r a d i a t i o n  was computed for the  100-mbar l e v e l  and can there
f o r e  be regarded  as p r a c t i c a l l y  e q u i v a l e n t  t o  t h e  outgoing radia
t i o n .  

TABLE 4 .2 .  ORDERS O F  MAGNITUDE OF THE COMPONENTS I N  THE ENERGY 
EQUATION FOR A UNIT COLUMN O F  ATMOSPHERE AND THEIR DIURNAL VARIA
TIONS 

.. 
< *  

E f f e c t i v e  Ene T.Y. ~~ 

(ou tgo ing)  ) o t Gt i a1 Kine t i c  - T o t a l .  
r a d i a t i o n  1 o t  entia1 

Sto red  energy, 
10 O ergs/cm2 50 0.250 200 

Diu rna l  am- 1.0 0.3 0.05  1.0 
p l i t u d e ,
10" ergs/cm2
-day 

It fo l lows  from T a b l e  4 .2  tha t  t h e  outgoing  r a d i a t i o n  i s  con
s i d e r a b l y  (by a f a c t o r  o f  f o u r )  g r e a t e r  t h a n  t h e  s t o r e d  k i n e t i c  
energy,  b u t  much s m a l l e r  t h a n  t h e  s t o r e d  p o t e n t i a l  and i n t e r n a l  
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e n e r g i e s .  However, t h e  v a r i a t i o n s  of even t h e  t o t a l  p o t e n t i a l  
energy (which e q u a l s  the sum of the i n t e r n a l  and k i n e t i c  e n e r g i e s )  
are comparable w i t h  t he  d i u r n a l  ou tgo ing- rad ia t ion  v a r i a t i o n .  I n  
ana lyz ing  r e l a t i o n s h i p s  t o  t h e  outgoing  r a d i a t i o n ,  t h e r e f o r e ,  i t  
i s  impor tan t  to i s o l a t e  t h e  "mobile" p a r t  of t h e  t o t a l  p o t e n t i a l  
energy.  The n o t i o n  of t h e  a v a i l a b l e  ( f r e e )  p o t e n t i a l  energy as 

I t h e  d i f f e r e n c e  between t h e  t o t a l  p o t e n t i a l  energy of t h e  rea l  at
mosphere and an  atmosphere w i t h  h o r i z o n t a l l y  s table  s t r a t i f i c a t i o n  
can be  used f o r  t h i s  purpose.  An estimate of t he  o r d e r  of magni
tude  of t h e  a v a i l a b l e  p o t e n t i a l  energy made by Yu.V. Kuri lova [19] 
gave a v a l u e  of 2 l o 1 '  ergs/cm2, which i s  comparable w i t h  t h e  
outgoing  r a d i a t i o n .  It w i l l  t h e r e f o r e  be  i n t e r e s t i n g  to examine 
t h e  zonal  and v o r t i c a l  components of the  a v a i l a b l e  p o t e n t i a l  
energy s e p a r a t e l y .  

J .L .  Corcoran and L.H. Horn E51 used T i r o s  I1 weather  satel
l i t e  data cover ing  27 days (from 26 November 1960 through 7 Janu
a r y  1961)  to i n v e s t i g a t e  t h e  i n f l u e n c e  of a tmospher ic  c o o l i n g
governed by t h e  long-wave r a d i a t i o n  on t h e  g e n e r a t i o n  of  t h e  
v o r t i c a l  component o f  a v a i l a b l e  p o t e n t i a l  energy ( tha t  p a r t  of /219
the  p o t e n t i a l  energy t h a t  can be conver ted  t o  k i n e t i c  and i s  de
termined by t h e  l o n g i t u d i n a l  v a r i a b i l i t y  of  t h e  tempera ture  
f i e l d ) .  Reference [SI  n o t e s  t h e  c o n t r a d i c t i o n  i n h e r e n t  i n  pub
l i shed  r e s u l t s  of a v a i l a b l e  p o t e n t i a l  energy d e t e r m i n a t i o n s ,  
which i n d i c a t e  t h a t  nonad iaba t i c  p rocesses  may cause  bo th  genera
t i o n  and d i s s i p a t i o n  o f  p o t e n t i a l  energy.  The c a l c u l a t i o n  method 
t h a t  t hey  used c o n s i s t e d  i n  c a l c u l a t i n g  t h e  c o r r e l a t i o n  o f  the 
d e v i a t i o n s  from t h e  zone-averaged r a d i a n t - c o o l i n g  v a l u e s  and t h e  
h e i g h t s  o f  t he  r e l a t i v e  b a r i c  topography of t h e  1000-500-mbar 
l a y e r  f o r  v a r i o u s  wave d i s t u r b a n c e s  a t  t h e  500-mbar l e v e l .  I n  
r e d u c t i o n  o f  t h e  exper imenta l  data,  averaging  was extended over  
t e n  o r  more d i s c r e t e  v a l u e s ,  and only data f o r  n a d i r  a n g l e s  no 
g r e a t e r  t h a n  56O were used.  The t e r r i t o r y  s t u d i e d  covered the  
30-50° b e l t  o f  n o r t h e r n  l a t i t u d e s  from Europe w e s t w a r d  t o  Japan .
Values o f  t h e  r a d i a n t  heat i n f l u x  ( r a d i a n t  coo l ing  of t h e  e n t i r e  
a tmospheric  t h i c k n e s s )  were ob ta ined  from measured data  on t h e  
outgoing  r a d i a t i o n  by apply ing  a c o r r e l a t i o n  formula de r ived  from 
a n a l y s i s  of ac t inometr ic - rad iosonde  measurements of  t h e  longwave
r a d i a n t  f l u x e s .  

J . L .  Corcoran and L.H. Horn showed tha t  t he  g e n e r a t i o n  of  
p o t e n t i a l  energy i s  n e g a t i v e  i n  t h e  case  of  long  waves and pos i 
t i v e  i n  t h e  p re sence  of  shortwave d i s t u r b a n c e s .  T h i s  wavelength
dependence i s  a p p a r e n t l y  due t o  f e a t u r e s  of t h e  cloudage d i s t r i b u 
t i o n .  They submi t t ed  t h e  hypo thes i s  t h a t  c louds  a l s o  r e s u l t  i n  
t h e  g e n e r a t i o n  of p o t e n t i a l  energy by h e a t i n g  of t h e  a i r  on ab
s o r p t i o n  of s o l a r  r a d i a t i o n  and l i b e r a t i o n  of l a t e n t  heat of con
densa t ion .  Turbulen t  heat conduct ion probably  causes  d i s s i p a t i o n .
of p o t e n t i a l  energy.  The  d i r e c t  g e n e r a t i o n  of t h e  v o r t i c a l  a v a i l 
able p o t e n t i a l  energy component, which i s  governed by nonadia
b a t i c  p r o c e s s e s ,  should  be most impor tan t  e a r l y  i n  t h e  development
o f  b a r i c  d i s t u r b a n c e s  ( i n  t h e  case  of s h o r t  wavelengths) .  
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J.S. Winston [6]  s t u d i e d  t h e  p a t t e r n s  of ou tgo ing- rad ia t ion
v a r i a b i l i t y  as a f u n c t i o n  of  f e a t u r e s  o f  t he  l a r g e - s c a l e  c i r c u l a 
t i o n  and t h e  r e c i p r o c a l  e f f e c t  o f  r a d i a n t  heat i n f l u x  on c i r c u l a 
t i o n .  The a n a l y s i s  w a s  based on data on t h e  l a t i t u d e  d i s t r i b u t i o n  
of a lbedo  and t h e  outgoing  longwave r a d i a t i o n  as ob ta ined  from t h e  
T i r o s  I V  weather s a t e l l i t e ;  t hey  were averaged over  five-day i n 
t e r v a l s  d u r i n g  the  s p r i n g  o f  1962 f o r  t h e  e q u a t o r i a l  waters o f  t h e  
P a c i f i c  Ocean. 

Reference [6] d i s c u s s e s  the  s t r o n g  dependence of t he  t y p e  of 
merid iona l  shortwave and longwave r a d i a t i o n  p r o f i l e s  on atmos
p h e r i c  c i r c u l a t i o n  f e a t u r e s .  Thus, f o r  example, du r ing  a p e r i o d
of  i n t e n s e  w e s t e r l y  t r a n s p o r t  from 29 March through 2 A p r i l  1 9 6 2  /220
i n  t h e  l a t i t u d e  zone from 30 to 45".N, a marked drop i n  a lbedo 
was observed as l a t i t u d e  decreased  from 40 t o  20° N ,  most of i t  
t a k i n g  p l a c e  i n  the r e g i o n  of a s t r o n g  a n t i c y c l o n i c  wind s h i f t  on 
the  sou th  s ide  of  t he  wes t -eas t  t r a n s p o r t .  The  longwave r a d i a n t  
f l u x  was observed s imul taneous ly  t o  vary  i n  t h e  oppos i t e  d i r e c t i o n .  
All o f  t h i s  r e s u l t e d  from a t r a n s i t i o n  from rather  heavy clouds i n  
the w e s t e r l y - t r a n s p o r t  zone t o  r e l a t i v e l y  l i g h t  c loud iness  a t  t he  
sou the rn  edge of t h i s  zone. 

Examination of  data c h a r a c t e r i z i n g  t h e  r e l a t i o n s h i p s  between 
t h e  s p a t i a l  cloudage d i s t r i b u t i o n s ,  t h e  s o l a r  r a d i a t i o n  absorbed 
by t h e  surface/atmosphere system, and t h e  type  o f  c i r c u l a t i o n  i n 
d i c a t e d  tha t  n e a r l y  zonal  c i r c u l a t i o n s  a r e  c h a r a c t e r i z e d  by a 
s t r o n g  l a t i t u d e  g r a d i e n t  of  absorbed r a d i a t i o n  northward from 20° 
N. l a t .  S u b s t a n t i a l  d i s t u r b a n c e s  t o  t h e  z o n a l i t y  of c i r c u l a t i o n  
are accompanied by a marked weakening of t h i s  g r a d i e n t  i n  the  
l a t i t u d e  b e l t  from 1 0  t o  30" N and p r e s e r v a t i o n  of t h e  s t e e p
g r a d i e n t  northward from 45" N.  An e s t i m a t e  o f  t h e  c o n t r i b u t i o n  
of t h e  l a t i t u d i n a l  r a d i a n t - h e a t i n g  g r a d i e n t  t o  t h e  g e n e r a t i o n  of 
zonal  a v a i l a b l e  p o t e n t i a l  energy showed t h a t  t h i s  c o n t r i b u t i o n  i s  
about 25% l a r g e r  i n  t h e  case  of quas i zona l  c i r c u l a t i o n .  T h i s  
demonstrates  t h a t  t h e  cloudage d i s t r i b u t i o n ,  which v a r i e s  under 
t h e  i n f l u e n c e  o f  c i r c u l a t i o n  f a c t o r s ,  and hence v a r i a t i o n s  of ab
sorbed r a d i a t i o n ,  e x e r t  s u b s t a n t i a l  i n f l u e n c e  on t h e  g e n e r a t i o n  of 
a v a i l a b l e  p o t e n t i a l  energy and t h e  subsequent development of a t 
mospheric c i r c u l a t i o n .  T h i s  q u a l i t a t i v e  conc lus ion  i s  confirmed 
by t h e  r e s u l t s  o f  a numerical  Smagorinskiy experiment made u s i n g
va r ious  data  on t h e  mer id iona l  abso rbed- rad ia t ion  p r o f i l e s .  It 
was shown, f o r  example, t h a t  v a r i a t i o n s  o f  t h e  r a d i a n t  h e a t  i n 
f l u x  may cause t h e  l e n g t h  o f  t h e  energy c y c l e  t o  vary from 26 t o  
4 1  days and s u b s t a n t i a l l y  reduce t h e  ampli tude of t h e  a v a i l a b l e  
p o t e n t i a l  energy v a r i a t i o n s ,  i.e . ,  produce impor tan t  changes i n  
the  manner i n  which t h e  atmospheric  c i r c u l a t i o n  v a r i e s .  T h i s  ef
f e c t  i s  impor tan t  f o r  p e r i o d s  o f  t h e  o r d e r  of s e v e r a l  weeks and 
p o s s i b l y  even f o r  l o n g e r  t ime i n t e r v a l s  (months, s e a s o n s ) .  

P r e C i  p i  t a t i  o n .  Since  t h e  tempera ture  a t  cloud-top l e v e l  i s  
a f a c t o r  on which c loud  m i c r o s t r u c t u r e  depends (for example, t h e  
presence  o r  absence of  i c e  c r y s t a l s ) ,  i t  can be used as a 



c r i t e r i o n  f o r  t h e  e x i s t e n c e  ( o r  absence)  of  c louds .  I n  t h i s  con
t e x t ,  A . Z .  Chekirda and T.A.  Yakovleva [71 s t u d i e d  t h e  p o s s i b i l i 
t i e s  f o r  de t e rmina t ion  of p r e c i p i t a t i o n  zones from outgoing radia
t i o n  data measured i n  the 8-12-vm window w i t h  t h e  T i r o s  11, T i r o s  
111, and Kosmos 1 2 2  s a t e l l i t e s ,  which r e f l e c t  f e a t u r e s  o f  t h e  un
de r ly ing - su r face  o r  cloud-top tempera ture  d i s t r i b u t i o n .  The r e - / 2 2 1
s u l t s  o f  ground obse rva t ions  of t he  cloudage and p r e c i p i t a t i o n  i n  
me teo ro log ica l ly  thoroughly  explored  r eg ions  were used f o r  t h e  
comparisons ( a  t o t a l  of 11 cases  was s t u d i e d ) .  

The r e s u l t s  ob ta ined  i n  [7] i n d i c a t e  t h a t  i n  middle  l a t i 
tudes  and i n  t h e  absence of a snow man t l e ,  ou tgo ing- rad ia t ion
data can be used t o  determine p r e c i p i t a t i o n  zones,  p o s s i b l e  p re 
c i p i t a t i o n  zones,  zones wi thout  p r e c i p i t a t i o n ,  and zones w i t h  
c loud cover g r e a t e r  t h a n  5. For example, p r e c i p i t a t i o n  zones 
occur  i n  r eg ions  where t h e  r a d i a t i o n  tempera ture  drops below 
245OK. A t  t empera tures  above 2 6 5 O K ,  p r e c i p i t a t i o n  i s  n o t ,  as a 
r u l e ,  observed.  S ince  the  i n d e f i n i t e n e s s  of  t h e  s i t u a t i o n  i n  t h e  
i n t e r v e n i n g  tempera ture  range  i s  determined t o  a s u b s t a n t i a l  de
g ree  by t h e  p o s s i b l e  i n f l u e n c e  of p a r t i a l  c loud iness  i n  t h e  
rad iometer  f i e l d ,  t h e  a v a i l a b i l i t y  of  s imultaneous t e l e v i s i o n  
in fo rma t ion  (c loud  p i c t u r e s )  i s  impor tan t  f o r  i n t e r p r e t a t i o n  of 
t h e  data. 

MacLethbridge [8] made a s imilar  s tudy  of  t h e  c o r r e l a t i o n  
of r a d i a t i o n  t empera tu re  i n  t h e  8-12-pm t r anspa rency  window and 
the  amount of p r e c i p i t a t i o n  on t h e  basis of T i r o s  I V  data f o r  t h e  
p e r i o d s  from 29 March through 3 A p r i l  1962  ( 1 2  o r b i t s )  and 30 
May-S June 1 9 6 2  ( 2 0  o r b i t s )  over  t h e  U S A ,  t o g e t h e r  w i t h  hour ly
data from ground weather obse rva t ions  of  p r e c i p i t a t i o n .  It was 
shown i n  t h i s  s tudy  tha t  t h e  p r o b a b i l i t y  of p r e c i p i t a t i o n  w i t h i n  
3 hours  a f t e r  t h e  t i m e  o f  a r ad ia t ion - t empera tu re  de t e rmina t ion  
i n c r e a s e s  s h a r p l y  w i t h  d imin i sh ing  tempera ture  ( i . e . ,  i n  t h e  p re 
sence  of c louds ,  e s p e c i a l l y  c louds w i t h  h igh t o p s ) ,  r e a c h i n g  58% 
dur ing  t h e  second of  t h e s e  p e r i o d s  a t  a t empera tu re  minimum no 
h ighe r  t h a n  239OK. S i m i l a r  r e s u l t s  a r e  ob ta ined  from p r e c i p i t a 
t i o n  data du r ing  t h e  1 2  hours  fo l lowing  t r a n s i t  o f  t h e  s a t e l l i t e .  
An even h ighe r  c o r r e l a t i o n  w i t h  p r e c i p i t a t i o n  i s  ob ta ined  w i t h  
s imultaneous use of  s a t e l l i t e  d a t a  on  t h e  r a d i a t i o n  tempera ture
and cloud b r i g h t n e s s  i n  t h e  wavelength range from 0.55 t o  0.75 v m .  
The b r i g h t n e s s  in fo rma t ion  makes i t  p o s s i b l e  t o  d i s t i n g u i s h  dense 
c i r r u s  and cumulonimbus o r  m u l t i l a y e r e d  clouds ( t h e  l a t t e r  a r e  
b r i g h t e r ) .  I n  a d d i t i o n ,  t h e  b r i g h t n e s s  data make i t  p o s s i b l e  t o  
Judge a t  h igh  tempera tures  whether c louds are a b s e n t  (low b r i g h t 
n e s s )  o r  low cloudage i s  p r e s e n t  (h igh  b r i g h t n e s s ) .  The p r e c i p i 
t a t i o n  p r o b a b i l i t y  may r e a c h  85% a t  maximum b r i g h t n e s s  and minimum 
tempera ture  . 

Large-sca le  v e r t i c a l  movements. W.E. Shenk [lo] analyzed
ou tgo ing- rad ia t ion  data  measured i n  t h e  8-12-pm window w i t h  t h e  
T i r o s  I1 weather  s a t e l l i t e  i n  o r d e r  t o  f i n d  p o s s i b l e  ways t o  ac
q u i r e  in fo rma t ion  on the  v e r t i c a l  t empera ture  g r a d i e n t  f i e l d s  and / 2 2 2
v e r t i c a l  movements i n  t h e  atmosphere from these data. For t h i s  
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purpose,  he c o n s t r u c t e d  a c o r r e l a t i o n  diagram tha t  c h a r a c t e r i z e s  
t h e  r e l a t i o n  between cloudless-sky under ly ing-sur face  tempera ture
(accord ing  t o  ground measurements made a t  88 s t a t i o n s  i n  t h e  USA 
and Canada from 2 3  November through 23 December 1960)  and the  
outgoing r a d i a n t  f l u x  i n  t he  t r anspa rency  window ( a l l  o f  t he  out
go ing- rad ia t ion  measurements were made a t  n i g h t ) .  T h i s  diagram and 
measured data on t h e  outgoing  r a d i a t i o n  i n  t h e  presence  of c louds 
were used t o  c a l c u l a t e  t h e  d i f f e r e n c e  between t h e  outgoing r a d i a n t  
f l u x e s  f o r  c l e a r  and cloudy skies  and to c o n s t r u c t  n ine  geographic
d i - s t r i b u t i o n  c h a r t s  of  t h e  r a d i a n t - f l u x  d i f f e r e n c e  f o r  v a r i o u s  
synop t i c  s i t u a t i o n s .  

It i s  not  d i f f i c u l t  t o  show t h a t  t h i s  outgoing r a d i a n t  f l u x  
d i f f e r e n c e  can be regarded  as a c h a r a c t e r i s t i c  of t he  tempera ture
d i f f e r e n c e  between the  under ly ing  s u r f a c e  and the  cloud tops  o r ,
acco rd ing ly ,  o f  t h e  v e r t i c a l  t empera ture  g r a d i e n t .  On the  o t h e r  
hand, c loud h e i g h t  and t h e  v e r t i c a l  t empera ture  g r a d i e n t  are 
among the  f a c t o r s  a s s o c i a t e d  w i t h  v e r t i c a l  movements (ascending  
movements occur  under c o n d i t i o n s  of a tmospher ic  i n s t a b i l i t y ,  and 
descending movements i n  t h e  presence  of s t a b i l i t y ;  t h e  h i g h e r  t h e  
cloud t o p s ,  t h e  s t r o n g e r  should  t h e  v e r t i c a l  motions become).
Hence fo l lows  the  p o s s i b i l i t y  o f  o b t a i n i n g  in fo rma t ion  on t h e  
n a t u r e  o f  t h e  v e r t i c a l  movements from d a t a  on t h e  outgoing radi
a n t  f l u x  d i f f e r e n c e .  

S ince  the  v e r t i c a l  motions a r e  a s s o c i a t e d  w i t h  t h e  mer id iona l  
component of a tmospheric  c i r c u l a t i o n ,  i t  i s  a l s o  p o s s i b l e  t o  deter
mine the  l a t t e r  q u a n t i t y .  Twelve-hour averages were computed f o r  
t h e  v e r t i c a l  component of  wind speed ,  us ing  the  a d i a b a t i c  method, 
f o r  t he  l e v e l s  of t h e  T O O - ,  5OO-, and 300-mbar i s o b a r i c  s u r f a c e s  
( t h e  s t a n d a r d  d e v i a t i o n  f o r  t h e  700-mbar s u r f a c e  i s  about 1 
cm/sec 1. 

W.E. Shenk showed t h a t  a l i n e a r  c o r r e l a t i o n  i s  observed be
tween t h e  ou tgo ing- rad ia t ion  d i f f e r e n c e s  and t h e  v e r t i c a l  ve lo
c i t i e s ,  w i t h  c o r r e l a t i o n  c o e f f i c i e n t s  o f  0 . 7 6 8 ,  0 . 5 6 9 ,  and 0 . 5 6 4 ,
r e s p e c t i v e l y ,  f o r  t h e  above l e v e l s .  The poore r  c o r r e l a t i o n  f o r  
h ighe r  l e v e l s  i s  due to t h e  lower accuracy of' t h e  c a l c u l a t i o n s  
i n  t h e s e  c a s e s .  The f a c t  t h a t  t h e  700-mbar s u r f a c e  can be  r e 
garded as a mean l e v e l  to which the  v e r t i c a l  v e l o c i t y  averaged 
over  t he  e n t i r e  l a y e r  p e r t a i n s .  Analysis  of the  c o r r e l a t i o n  w i t h  
r e f e r e n c e  to data  from a l l  measurements ( i r r e s p e c t i v e  of c loud 
h e i g h t )  showed t h a t  i n  t h i s  case  t h e  c o r r e l a t i o n  c o e f f i c i e n t  i s  
0.721 f o r  t he  700-mbar 'surface and the  v e r t i c a l  v e l o c i t y  can be  
determined r e l i a b l y  if the  outgoing r a d i a n t  f l u x  d i f f e r e n c e s  are 
l a r g e  enough and p o s i t i v e .  

L inea r  c o r r e l a t i o n  was d e t e c t e d  between t h e  outgoing-radia
t i o n  d i f f e r e n c e  and t h e  mer id iona l  component o f  wind speed.  A l 
though the  p o i n t s  are  s c a t t e r e d  very widely ( c o r r e l a t i o n  coef
f i c i e n t  0 .557) ,  i t  i s  n e v e r t h e l e s s .  c l e a r l y  seen  from t h e  diagram
given  i n  [lo] t h a t  a sou th  component of t h e  mer id iona l  f low 

201 



o b t a i n s  for outgoing  r a d i a n t  f l u x  d i f f e r e n c e s  exceeding 1 0  W/m2.
I n  t h e  case  of t he  n o r t h  component, t h e  c o r r e l a t i o n  i s  i n d e f i 
n i t e .  

L . J .  A l l i s o n  and G .  Warnecke [9 ]  compared a c h a r t  of t h e  
v e r t i c a l  motions a t  t he  650-mbar l e v e l  f o r  the  t e r r i t o r y  of t h e  
USA a t  1 2  hours  00 minutes  Greenwich Mean T i m e  on 16 J u l y  1961 
w i t h  s imultaneous c h a r t s  o f  the  outgoing r a d i a t i o n  i n  t h e  8-12-l~m 
window accord ing  t o  T i r o s  I11 d a t a  and r e l a t i v e  humidity accord
i n g  t o  convent iona l  weather o b s e r v a t i o n s .  T h i s  comparison l e d  t o  
t h e  fo l lowing  conc lus ions .  

1. Ascending movements a t  v e l o c i t i e s  from 0 . 1  t o  0 .9  cm/sec
and the p r i n c i p a l  p r e c i p i t a t i o n  zones occur  i n  zones of cold-
f r o n t  c louds and s q u a l l  l i n e s .  

2 .  Descending movements a t  v e l o c i t i e s  from - 0 . 1  t o  -1 .7  
cm/sec are observed where clouds are  absen t  or lower- leve l  
c louds are o v e r l a i d  by d r y  a i r .  

C o r r e l a t i o n  between the  outgoing r a d i a t i o n  and t h e  v e r t i c a l -
movement f i e l d  i s  a l s o  confirmed by t h e  data of Huang Ching-Hua, 
H.A.  Panofsky and A.  Schwalb [ll]. They i n v e s t i g a t e d  t h e  cor re
l a t i o n  o f  t h e  outgoing  r a d i a t i o n  i n  v a r i o u s  r e g i o n s  of t h e  spec
trum wi th  c e r t a i n  m e t e o r o l o g i c a l  parameters  accord ing  to T i r o s  
I V  data,  which were averaged over  quadrangles  measuring 5' i n  
l a t i t u d e  x 5 O  i n  l o n g i t u d e  f o r  13 A p r i l ,  1 2  and 15 May 1 9 6 2  ( a
t o t a l  of f i v e  o r b i t s ) ,  1 4  May ( 6  o r b i t s ) ,  26 May (1 o r b i t ) ,  and . 
27 May (3 o r b i t s )  and w i t h  t h e  r e s u l t s  of conven t iona l  meteorologi
c a l  o b s e r v a t i o n s .  It w a s  shown t h a t  t he  600-mbar v e r t i c a l  ve loc
i t y  and v o r t i c i t y  a d v e c t i o n  c o r r e l a t e  w i t h  t h e  d i f f e r e n c e  between 
the  under ly ing-sur face  tempera ture  and t h e  r a d i a t i o n  tempera ture
measured from the  s a t e l l i t e  ( w i t h  dense h igh  c louds ,  t h i s  d i f 
f e r e n c e  may r each  70°C, and f o r  a c l o u d l e s s  s k y  i t  i s  10-20OC) .
The c o r r e l a t i o n  c o e f f i c i e n t  between v e r t i c a l  v e l o c i t y  and tempera
t u r e  d i f f e r e n c e  r eaches  -0.58 over  t h e  A t l a n t i c  Ocean, b u t  does 
no t  exceed -0 .40  over  t h e  P a c i f i c  Ocean. T h i s  disagreement  i s  
appa ren t ly  due t o  s u b s t a n t i a l  e r r o r s  i n  c a l c u l a t i o n  of t h e  v e r t i 
c a l  v e l o c i t i e s  over  t h e  P a c i f i c  Ocean due t o  inadequa te  i n i t i a l  
me teo ro log ica l  i n fo rma t ion .  

The i n f e r e n c e  drawn i n  [ll] t o  t h e  e f f e c t  t h a t  t h e  v e r t i c a l  
v e l o c i t i e s  are c o r r e l a t e d  w i t h  t h e  outgoing  r a d i a t i o n  i n  t h e  r e - /224
g ion  of t h e  6.5-1~i-1water vapor band a t  small tempera ture  d i f f e r 
ences i s  h igh ly  i n t e r e s t i n g .  It was a l s o  found t h a t  t h e r e  i s  a 
c l o s e  r e l a t i o n s h i p  between t h e  ground- leve l  r e l a t i v e  humidi ty ,
r a d i a t i o n  tempera ture  i n  t h e  8-12-pm t r anspa rency  window, and 
b r i g h t n e s s  i n  t h e  0.55-0.75-l~m range .  The r e l a t i v e  humidity
v a r i e s  from 39 t o  81% as a f u n c t i o n  of t h e s e  two f a c t o r s  (whose
e f f e c t s  are o f  about  t h e  same o r d e r ) .  Analys is  of  t h e  r e l a t i o n  
between c loud  bot tom h e i g h t ,  r a d i a t i o n  tempera ture ,  and b r i g h t 
ness  showed t h a t  these  two parameters ,  which can be  measured w i t h  
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weather s a t e l l i t e s ,  can b e  used to e s t i m a t e  t h e  amount of cloud-
age i n  t h e  absence of t e l e v i s i o n  in fo rma t ion  (both p r e d i c t o r s  a re  
equa l ly  s t r o n g ) .  

S ince  t h e  inhomogeneity of the  outgoing  thermal  r a d i a t i o n  
f i e l d  i s  determined p r i m a r i l y  by cloudage c o n d i t i o n s ,  t h e  r e s u l t s  
ob ta ined  i n  a s e r i e s  of s t u d i e s  by Sh.A. Musayelyan e t  a l .  [13-173 
are of g r e a t  i n t e r e s t  i n  connec t ion  w i t h  t h i s  problem of t h e  cor
r e l a t i o n  l i n k s .  

For example, a s u c c e s s f u l  a t tempt  w a s  made i n  these s t u d i e s  
t o  r e p r e s e n t  t h e  f i e l d s  of t h e  me teo ro log ica l  e lements  i n  the  form 
of t r i g o n o m e t r i c  s e r i e s  and c o r r e l a t e  t h e  harmonics of t h e s e  
s e r i e s  t o  compute t h e  f i e l d s  of t h e  v e r t i c a l  movements or t h e  
v e r t i c a l  v o r t i c i t y  component from s a t e l l i t e  t e l e v i s i o n  p i c t u r e s
of t h e  cloudage t a k e n  a t  ea r l i e r  t i m e s  and used t o  determine t h e  
to t a l - c loudage  f i e l d  (see a l s o  [361) .  

I n  view of t h e  s u c c e s s f u l  s o l u t i o n  of t h i s  problem, t h e  
fo l lowing  i n v e r s e  problem can be  formula ted :  i f  r e g r e s s i o n  coef
f i c i e n t s  c a l c u l a t e d  from data  on t h e  t o t a l  c loudage and geo
s t r o p h i c  v o r t i c i t y  (or v e r t i c a l  v e l o c i t i e s )  a r e  a v a i l a b l e  f o r  
ea r l i e r  p o i n t s  i n  t i m e ,  can t h e  cor responding  cloud f i e l d  b e  com
puted  f o r  a l a t e r  p o i n t  i n  t i m e  from t h e  v o r t i c i t y  f i e l d  ( o r  t h e  
v e r t i c a l  mo t ions )?  T h i s  problem was s e t  up for T i r o s  I X  sa te l 
l i t e  data for a l l  days from 1 4  May through 2 J u l y  1965. The geo
s t r o p h i c  v o r t i c i t y  was computed for t h e  same p o i n t s  i n  t ime from 
t h e  r e s u l t s  of an o b j e c t i v e  a n a l y s i s  o f  absolute- topography data 
on t h e  500-mbar s u r f a c e .  The r e g r e s s i o n  c o e f f i c i e n t s  were com
puted  for f i v e  p o i n t s  i n  t ime and used to determine t h e  cloudage 
f i e l d  f o r  t h e  f i r s t  subsequent  p o i n t  i n  t i m e  ( i . e . ,  t h e  s i x t h  day
i n  t h e  s e r i e s  s t a r t i n g  w i t h  t h e  f i v e ) .  Analys is  of 15  cloud 
c h a r t s  computed i n  t h i s  way showed tha t  t h e  a b s o l u t e  e r r o r  of 
de te rmina t ion  of t h e  t o t a l  amount of cloudage v a r i e s  from 2.9  to 
3.6 p o i n t s ,  averaging  3 . 1  p o i n t s  over  a l l  ca ses .  The r e s u l t s  of 
t h e  c a l c u l a t i o n  ag ree  q u i t e  s a t i s f a c t o r i l y  w i t h  f a c t u a l  data for 
t he  r e g i o n s  of Cent ra l  and Southern Europe (unbroken c louds )  and 
t h e  areas i n  t h e  n o r t h  of t h e  European USSR (unbroken c l o u d s ) .
There a re  a l s o  examples of good agreement for l i g h t l y  clouded 
zones.  I n  c e r t a i n  r e g i o n s ,  however, t h e  r e s u l t s  were found t o  1225 
be u n s a t i s f a c t o r y  (as f o r  t h e  n o r t h e r n  p a r t  of t h e  Caspian Sea) .  
The  proposed c a l c u l a t i o n  method can a l s o  be used p r o g n o s t i c a l l y  i f  
t h e  v o r t i c i t y - f i e l d  data used to c a l c u l a t e  t h e  cloud f i e l d  are 
ob ta ined  from a p r o g n o s t i c  c h a r t  of t h e  a b s o l u t e  topography of t h e  
500-mbar s u r f a c e .  

The g e o p o t e n t i a l .  Attempts to f i n d  c o r r e l a t i o n  l i n k s  between 
t h e  ou tgo ing- rad ia t ion  and p r e s s u r e  f i e l d s  are  of great p r a c t i c a l
i n t e r e s t .  Thus, f o r  example, i n t e r c l a s s  c o r r e l a t i o n  was used i n  
[ 1 2 ]  t o  i n v e s t i g a \ t e  t h e  r e l a t i o n  between t h e  h e i g h t  of t he  500
mbar i s o b a r i c  s u r f a c e  and the outgoing r a d i a t i o n  f i e l d  i n  the  8
12-pm t r anspa rency  window. The  a n a l y s i s  w a s  based on measured 
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data f o r  45 days (March-June 1 9 6 2 )  from t h e  T i r o s  I V  weather 
s a t e l l i t e ,  p e r t a i n i n g  t o  t he  r eg ions  of  North America and t h e  
P a c i f i c  Ocean. The measurement r e s u l t s  were averaged  o v e r  
quadrangles  measuring 5 O  i n  l a t i t u d e  X 5' i n  l o n g i t u d e .  The  
unknowns were t h e  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  between t h e  
h e i g h t s  of t h e  500-mbar s u r f a c e  a t  26 p o i n t s  and the  outgoing-
r a d i a t i o n  va lues  a t  60 p o i n t s ,  which covered a much l a r g e r  area 
( t h e  ou tgo ing- rad ia t ion  f i g u r e s  were ob ta ined  a t  some p o i n t s  by
i n t e r p o l a t i o n  or e x t r a p o l a t i o n ) .  A more g e n e r a l  approach t o  so lu 
t i o n  o f  t h i s  problem was proposed by W.L. Smith [32]. 

Analys is  of  t h e  g e o g r a p h i c - d i s t r i b u t i o n  c h a r t s  c o n s t r u c t e d  i n  
[121 f o r  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  of  t h e  500-mbar s u r f a c e  
h e i g h t s  a t  t h e  i n d i v i d u a l  p o i n t s  w i t h  t h e  ou tgo ing- rad ia t ion
va lues  f o r  t h e  e n t i r e  area cons ide red  ( a t  60  p o i n t s )  showed t h a t  
t h e  p o s i t i o n s  of r e g i o n s  w i t h  p o s i t i v e  and n e g a t i v e  c o r r e l a t i o n  
w i t h  r e s p e c t  t o  a f i x e d  p o i n t  may vary as a f u n c t i o n  of f e a t u r e s  
of t h e  s y n o p t i c  s i t u a t i o n .  Regress ion  equa t ions  were ob ta ined  
f o r  each of t h e  26 p o i n t s ,  u s i n g  as p r e d i c t o r s  t h e  va lues  of t h e  
outgoing r a d i a t i o n  a t  4 p o i n t s  s e l e c t e d  from among t h e  60 by a 
"screening"  p r o c e s s .  App l i ca t ion  of  t h e s e  equa t ions  t o  t h e  same 
o p e r a t i o n a l  material  p e r m i t t e d  a more s a t i s f a c t o r y  r e c o n s t r u c t i o n  
of t h e  g e o p o t e n t i a l  f i e l d  from t h e  ou tgo ing- rad ia t ion  f i e l d .  How
e v e r ,  t h e  e r r o r s  were found t o  b e  much l a r g e r  when t h e  r e g r e s s i o n
equa t ions  were checked a g a i n s t  independent  d a t a .  

A s  w e  have a l r e a d y  no ted ,  q u a l i t a t i v e  s y n o p t i c  a n a l y s i s  of 
weather-satel l i te  t e l e v i s i o n  p i c t u r e s  of the  cloud cover  and 
weather  maps has shown, f o r  example, t ha t  l a r g e - s c a l e  c loud 
v o r t i c e s  r e f l e c t  t h e  c h a r a c t e r i s t i c  f e a t u r e s  of t h e  b a r i c  f i e l d  
q u i t e  f a i t h f u l l y .  I n  t h i s  connec t ion ,  we might pose  t h e  problem
of r e c o n s t r u c t i n g  t h e  wind and p r e s s u r e  f i e l d s  from t h e  cloud 
f i e l d ,  t o  b e  so lved  by c o r r e l a t i n g  t h e  harmonics of  t h e  t r i gono
m e t r i c  s e r i e s  used f o r  a n a l y t i c a l  approximation of  t h e  f i e l d s  of 
t h e  me teo ro log ica l  e lements  [16] .  A s imilar  approach might a l s o  /226 
be  used i n  c a l c u l a t i n g  t h e  two-dimensional d ivergence  of t h e  
v e l o c i t y  v e c t o r  and t h e  he igh t  f i e l d  of t h e  a b s o l u t e  topography 
A T 5 o o .  The a v a i l a b i l i t y  of v o r t i c i t y  and d ivergence  data makes 
i t  p o s s i b l e  t o  de te rmine  t h e  h o r i z o n t a l  components of wind speed.
I n  a l l  c a s e s ,  t h e  r e s u l t s  ob ta ined  have been encouraging.  T h i s  
i s  i l l u s t r a t e d  i n  [ 1 6 ] ,  f o r  example, by a de te rmina t ion  of wind 
and absolute- topography h e i g h t  at  one l e v e l  of the  atmosphere and 
any p o i n t  i n  a hemisphere ( excep t  t h e  p o l e )  from c loudage- f ie ld
data on t h e  v o r t i c i t y  and d ivergence  f i e l d s .  

Contaminants i n  t he  atmosphere.  A new f i e l d  has r e c e n t l y
emerged i n  t h e  i n t e r p r e t a t i o n  of s p e c t r a l  ou tgo ing- rad ia t ion  meas
urements w i t h  t h e  purpose o f  s tudy ing  atmospheric  contaminants 
( s e e ,  f o r  example, [34,  351) .  S ince  t h i s  would range  fa r  a f i e l d  
from t h e  s u b j e c t  matter of t h e  p r e s e n t  monograph, w e  ,no te  only 
t h a t  e a r l y  p rogres s  i n d i c a t e s  t h e  f e a s i b i l i t y  o f ,  f o r  example,
s a t e l l i t e  methods f o r  de te rmining  t h e  atmosphere 's  c o n t e n t s  of 
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such b a s i c  gaseous i m p u r i t i e s  as SO2 and N O Z .  

A method us ing  c o r r e l a t i o n  l i n k s  between t h e  outgoing radia
t i o n  and v a r i o u s  me teo ro log ica l  parameters  would b e  of  g r e a t
p r a c t i c a l  i n t e r e s t  from t h e  s t andpo in t  of e x t e n s i v e  u t i l i z a t i o n  
of  w e a t h e r - s a t e l l i t e  r a d i a t i o n  data i n  s y n o p t i c  p r a c t i c e .  How
e v e r ,  i t  must be  s t ressed t h a t  a l l  o f  t h e  l i n k s  d i s c u s s e d  above 
r e q u i r e  much more r e l i a b l e  s t a t i s t i c a l  j u s t i f i c a t i o n .  

$2 .  DETERMINATION OF STRATOSPHERE T E M P E R A ~ R E  

One of t h e  channels  of the  medium-angle f ive-channel  radiom
e t e r  on t h e  T i r o s  V I 1  and Nimbus I1 weather s a t e l l i t e s  was s e n s i 
t i v e  i n  t h e  c e n t r a l  p a r t  o f  t h e  15-pm carbon d iox ide  band. It 
was found tha t  such measured d a t a  can be  used e f f e c t i v e l y  t o  de
te rmine  t h e  average  tempera ture  of t h e  lower s t r a t o s p h e r e  [20-311.  

The r a d i a n t  i n t e n s i t y  JAAmeasured by t h e  rad iometer  w i t h i n  
t h e  s p e c t r a l  range o f  t h e  channe l ' s  s e n s i t i v i t y  ( A I ,  A,) can b e  
w r i t  t e n  

Here @ ( A )  i s  the  s p e c t r a l
s e n s i t i v i t y  of t h e  r ad iomete r ,  
P s ( A )  i s  the t r a n s m i s s i o n  func
t i o n  o f  t h e  e n t i r e  t h i c k n e s s  of 
t h e  atmosphere,  P(A,  h )  i s  t h e  
t r ansmiss ion  f u n c t i o n  of t h e  a t 
mospheric l a y e r  above l e v e l  &; II 

I/J / \
TS i s  t h e  tempera ture  of t h e  
ground s u r f a c e  o r  t h e  cloud tops ;  
B ( X ,  T )  i s  t h e  Planck f u n c t i o n .  

If we cons ide r  t h a t  Ps(X) << 
<<1 i n  t h e  c e n t e r  of t h e  15-pm
carbon d iox ide  band, w e  o b t a i n ,  
d i s r e g a r d i n g  t h e  f i r s t  t e rm i n  
( 4 . 1 5 ) ,  O 

13 
l 

Figure  4 . 1 .  Normalized Spec
t r a l  S e n s i t i v i t y  Funct ion  of  
l5-pm Channel of T i r o s  V I 1(4.16)  (1) and Nimbus I1 ( 2 )  Satel-

F igure  4 . 1  shows normalized l i t e s .  
s p e c t r a l - s e n s i t i v i t y  curves  o f  
t h e  cor responding  channel  i n  t h e  r ad iomete r s  used on the T i r o s  
V I 1  and Nimbus I1 s a t e l l i t e s .  
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In t roduc ing  t h e  n o t a t i o n  

I 


w e  w r i t e  (4.16) i n  t he  form 

(4.18) 


/228 

1 1 1 1 1 1 1 1 1 1 1 1 
0 .  0.02 404 V 0 0,02 404 V 

Figure  4 .2 .  Typ ica l  V e r t i c a l  Temperature
P r o f i l e s  Used t o  Compute t h e  Weighting
Funct ions ( a ) ,  Weighting Funct ion  f o r  Nadir 
Angle of Oo (b), and Weighting Funct ion  
f o r  Nadir Angle o f  5 8 O  ( c ) .  1) Summer, h igh
l a t i t u d e s  ; 2 )  w a r m  w i n t e r ,  h igh  l a t i t u d e s  ;
3)  t r o p i c s ;  4 )  co ld  w i n t e r ,  h igh  l a t i t u d e s .  

Here $ ( h )  i s  a weight ing  f u n c t i o n  t h a t  c h a r a c t e r i z e s  t h e  
c o n t r i b u t i o n s  of var iouk atmospheric  l a y e r s  t o  t h e  outgoing  radia
t i o n .  

F igure  4 .2  shows t h e  weight ing  f u n c t i o n s  f o r  t h e  T i r o s  VI1 
rad iometer  as computed f o r  t h e  v e r t i c a l  t empera ture  p r o f i l e s  shown 
a t  t h e  l e f t  i n  t h e  f i g u r e  [ 2 3 ] .  A s  w e  s e e ,  t h e  weight ing  func
t i o n s  have d i s t i n c t  maxima i n  t h e  lower half  of t he  s t r a t o s p h e r e .  
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The r a d i a t i o n  tempera ture  Trad determined from t h e  r e l a t i o n  

can be  a s s igned  to the  l a y e r  i n  which the  maximum o f  t he  weight ing
f u n c t i o n  $ ( h )  o c c u r s .  An impor tan t  f e a t u r e  o f  $ ( h )  i s  t h a t  i t s  
dependence on t h e  v e r t i c a l  t empera ture  p r o f i l e  i s  weak. For a 
measurement a t  t he  n a d i r ,  t h e  maximum of  $ ( h )  l i e s  i n  t he  20-25
km l a y e r ,  w i t h  about  65% o f  t h e  to t a .1  ."weight" f a l l i n g  t o  the /229
15-35 k m  l a y e r  and more than  96% to h e i g h t s  exceeding 1 0  km. 

With i n c r e a s i n g  n a d i r  a n g l e ,  t h e  $ ( h )  maximum s h i f t s  toward 
h i g h e r  l a y e r s  of t h e  atmosphere,  b u t  i s  comparat ively small. 
Thus, f o r  example, when the  a n g l e  i s  i n c r e a s e d  to 58O (see F ig .  
4 . 2 ) ,  t he  maximum s h i f t s  by less  t h a n  5 km. The presence  of t h i s  
s h i f t  makes i t  p o s s i b l e  t o  o b t a i n  a q u a l i t a t i v e  n o t i o n  of t h e  
v e r t i c a l  t empera ture  g r a d i e n t  i n  t h e  atmosphere from outgoing
r a d i a t i o n  data measured a t  v a r i o u s  a n g l e s  t o  t h e  v e r t i c a l .  Esti
mates [29]  i n d i c a t e  t h a t  t h e  o b s e r v a t i o n a l  data are q u i t e  homo
geneous from t h e  s t a n d p o i n t  of a l t i t u d e  a t t r i b u t i o n  f o r  n a d i r  
ang le s  smaller t h a n  40".  

The presence  of t h e  t r o p o s p h e r i c  f f t a i l f fon t h e  weight ing
f u n c t i o n  r e q u i r e s  s p e c i a l  a n a l y s i s  o f  the  p o s s i b l e  i n f l u e n c e  of 
c louds on t h e  r e s u l t s  of s t r a tosphe re - t empera tu re  c a l c u l a t i o n s .  
C a l c u l a t i o n s  made i n  [ 3 l ]  i n d i c a t e  tha t  c louds  below 5 k m  do no t  
i n f l u e n c e  t h e  outgoing  r a d i a t i o n  i n  t h e  15-vm carbon d iox ide  band. 
However, t he  r a d i a t i o n  of t h i c k ,  dense cumulonimbus clouds w i t h  
h igh  tops  may lower t h e  r a d i a t i o n  tempera ture  by as much as 5-10°C, 
which would imply a g r e a t e r  h e i g h t  of  the  e f f e c t i v e  r a d i a t i n g
layer .  

T o  r e f i n e  t h e  l o c a l i z a t i o n  o f  s t r a tosphe re - t empera tu re
v a l u e s ,  t h e  a u t h o r s  of [ 3 l ]  compared r a d i a t i o n  tempera tures  w i t h  
rad iosonde  data  f o r  t h e  1 0 0 ,  70,  50, 30, 20, and 10-mbar l e v e l s  
a t  9 7  s t a t i o n s  i n  t h e  Northern Hemisphere f o r  the p e r i o d  from 
20 January through 17  February 1 9 6 4  ( t h e  i n f l u e n c e  of c louds  w a s  
no t  t aken  i n t o  accoun t ) .  The  sounding data were averaged over  
areas measuring 5O a long  l a t i t u d e  c i r c l e s  and from 5O a t  t h e  
equa to r  t o  2.5O a t  60° l a t i t u d e  along t h e  mer id i ans .  The numbers 
o f  p o i n t s  from which the  average  v a l u e s  were determined was always 
g r e a t e r  t h a n  1 0  and sometimes reached  200.  Only data f o r  n a d i r  
ang le s  smaller t h a n  40" were p rocessed ,  and t h e n  only  when r e l i 
able geographic  connec t ion  was p o s s i b l e .  S a t e l l i t e  data w i t h  t i m e  
s h i f t s  of  no more t h a n  1 2  hours  f rom t h e  t i m e s  of t h e  a e r o l o g i c a l
soundings ( 1 2  hours  GMT) were used f o r  t he  comparisons. 

The r e s u l t s  o f  t h i s  comparison i n d i c a t e  tha t  t h e  r a d i a t i o n  
tempera ture  "dipped" s h a r p l y  below t h e  30-mbar l e v e l .  There was 
Usually agreement w i t h  t h e  r ad iosonde  data f o r  t h e  10-30-mbar 



l a y e r .  The h i g h e s t  c o r r e l a t i o n  c o e f f i c i e n t  (0.71-0.72) w a s  ob
t a i n e d  for t h e  20-30-mbar l a y e r ,  i .e . ,  n e a r  t h e  weighting-func
t i o n  maximum f o r  t h e  14.8-15.5-pm i n t e r v a l  ( T i r o s  V I I ) .  The 
v e r t i c a l  weight ing- func t ion  p r o f i l e s  were found- t o  be s imilar  t o  
t h o s e  o f  the  c o r r e l a t i o n  c o e f f i c i e n t .  The c o r r e l a t i o n  between 
t h e  r a d i a t i o n  and rad iosonde  tempera tures  d e t e r i o r a t e s  cons ider 
ab ly  as they  dec rease .  

I n  p r i n c i p l e ,  t h e r e f o r e ,  w e  may not  expec t  any a b s o l u t e l y
d e f i n i t e  r e l a t i o n  between r a d i a t i o n  tempera ture  and t h e  a c t u a l  
tempera ture  a t  any g iven  l e v e l ,  s i n c e  r a d i a t i o n  t e m p e r a t u r e  de- /23O
pends s t r o n g l y  on t h e  weight ing- func t ion  segment t o  which t h e  ob
se rved  tempera ture  v a r i a t i o n s  correspond.  What i s  e s s e n t i a l ,  
however, i s  t h a t  t he  v a r i a t i o n s  of t h e  r a d i a t i o n  and t r u e  tempera
t u r e s  are observed t o  co inc ide  i n  t i m e  i n  t he  10-30-mbar l a y e r ,
and t h i s  enab le s  u s ,  f o r  example, t o  use  s a t e l l i t e  data t o  d e t e c t  
and s tudy  sudden warmings of t h e  s t r a t o s p h e r e .  Desp i t e  t h i s  
s i m u l t a n e i t y ,  t he re  are d i f f e r e n c e s  i n  the  a b s o l u t e  amounts by
which t h e  tempera tures  v a r y .  

Q u a n t i t a t i v e  estimates of the  e f f e c t  of c louds have l e d  t o  
t h e  conclus ion  t h a t  t h e  r ad ia t ion - t empera tu re  dec rease  under t h e  
i n f l u e n c e  o f  c louds ,  by comparison w i t h  c lear -sky  c o n d i t i o n s ,  
r eaches  2-3" a t  a 6-km cloud-top h e i g h t  and 5-6 and 8-13", re
s p e c t i v e l y ,  as t h i s  h e i g h t  i n c r e a s e s  t o  1 0  and 15  km. T h i s  c loud 
e f f e c t  can be  t a k e n  i n t o  account  i f  c loud h e i g h t  i s  determined,
f o r  example, from ou tgo ing- rad ia t ion  data measured i n  the 10-11
pm window w i t h  c o r r e c t i o n s  f o r  water-vapor and ozone a b s o r p t i o n ,
assuming in fo rma t ion  i s  a v a i l a b l e  on t h e  v e r t i c a l  t empera ture  pro
f i l e .  

A combined a n a l y s i s  of r ead ings  from t h e  Nimbus I1 f i v e -
channel  r ad iomete r  f o r  t h e  14.0-15.8 and lO-ll-pm channels  i n d i 
c a t e d  t h a t  t h e  r e a d i n g s  ag ree  very  c l o s e l y  i n  t h e  e q u a t o r i a l  re 
g ion  from 30" N .  l a t .  t o  30" s .  l a t .  T h i s  can b e  exp la ined  by t h e  
i n f l u e n c e  of t h e  ve ry  h igh ,  co ld  cloud t o p s  i n  t h e s e  l a t i t u d e s  and 
by the  f a c t  t h a t  t h e  upper layers  of t h e  t roposphe re  c o n t r i b u t e  
apprec i ab ly  t o  t h e  outgoing  r a d i a t i o n  a t  wavelengths of 14-16 v m  
i n  t h i s  case .  Thus, i n  i n t e r p r e t i n g  o u t g o i n g - r a d i a t i o n  data meas
u red  i n  t h e  14-16-pm band t o  o b t a i n  in fo rma t ion  on s t r a t o s p h e r e  
tempera ture ,  it i s  necessa ry  t o  apply a c o r r e c t i o n  f o r  the  i n f l u 
ence of high-topped clouds on t h e  basis of measured t ransparency-
window outgoing r a d i a t i o n .  Under t r o p i c a l  c o n d i t i o n s ,  t h i s  cor
r e c t i o n  may be as l a r g e  as 15". 

G.  Warnecke E271 proposed a c loud-co r rec t ion  method based on 
c a l c u l a t e d  r e s u l t s  f o r  t he  outgoing r a d i a t i o n  under v a r i o u s  cloud-
age  c o n d i t i o n s .  H i s  c a l c u l a t i o n s  showed t h a t  t h e  i n f l u e n c e  of 
c louds does not  depend on atmospheric  s t r a t i f i c a t i o n  f o r  cloud 
h e i g h t s  no t  above 1 0  km. However, when t h e  cloud t o p s  are  a t  
h i g h e r  a l t i t u d e s ,  s u b s t a n t i a l  d i f f e r e n c e s  are observed,  depending 
on t h e  geographic  p o s i t i o n  of t h e  r e g i o n  s t u d i e d  and on t h e  t ime 
o f  yea r .  
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Figure  4.3 i l l u s t r a t e s  how 
t h e  . c o r r e c t i o n  ATrad, which 
c h a r a c t e r i z e s  the  dec rease  i n  
t he  r a d i a t i o n  temperatuce
under the  i n f l u e n c e  of c louds ,
depends on cloud h e i g h t  a t  
v a r i o u s  n a d i r  ang le s  0 .  A s  w e  
see,  t h e  c o r r e c t i o n  i s  about 
4 O  i n  t h e  d i r e c t i o n  of the  
n a d i r  f o r  a 10-km c loud  h e i g h t
( t h e  same va lue  corresponds t o  
midd le - l a t i t ude  c o n d i t i o n s ,  
see F ig .  4 . 4 ) .  If cloud h e i g h t
i n c r e a s e s  t o  1 4  k m ,  t he  r e 
s u l t  i s  an i n c r e a s e  i n  t h e  cor
r e c t i o n  t o  1l0 i n  t h e  t r o p i c s
bu t  only 5" a t  middle. l a t i 
tudes .  

Nomograms s i m i l a r  t o  t h o s e  
shown i n  F i g s .  4.3-4.4 f o r  
va r ious  l a t i t u d e s  and months 
of t h e  yea r  make i t  p o s s i b l e  t o  
apply c o r r e c t i o n s  f o r  t h e  
cloud e f f e c t .  In fo rma t ion  on 
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F i g u r e  4.3.  In f luence  of Un
broken Clouds i n  F i e l d  of 
Nimbus I1 Radiometer on Meas
ured  Radia t ion  Temperature 
Trad under the  Condit ions of 
t h e  T r o p i c a l  Atmosphere (15O 
N .  l a t . ) .  

t h e  tempera ture  ( h e i g h t )  o f  t h e  cloud t o p s  can b e  acqui red  from 
data measured i n  t h e  10-11-pm channel .  A s  w e  showed i n  t h e  
preceding  c h a p t e r ,  s o l u t i o n  of t h i s  problem r e q u i r e s  i n t r o d u c t i o n  
of c o r r e c t i o n s  f o r  t h e  i n t e r v e n i n g  (below t h e  c louds)  l a y e r  of 
atmosphere t o  take account of a b s o r p t i o n  of t h e  r a d i a t i o n  emi t t ed  
by t h e  c louds ,  water vapor ,  and ozone. S p e c i a l  nomograms were 
c o n s t r u c t e d  f o r  c a l c u l a t i o n  o f  t h e s e  c o r r e c t i o n s .  An example of  
a nomogram corresponding  t o  t r o p i c a l  a tmospher ic  c o n d i t i o n s  ap
p e a r s  i n  F ig .  4.5. 

The r e l i a b i l i t y  o f  r e s u l t s  ob ta ined  from ou tgo ing- rad ia t ion
data measured i n  t h e  l5-pm carbon d iox ide  band has been t e s t e d  i n  
a number of  s t u d i e s .  

Thus, f o r  example, S .  Teweles [26] compared r e s u l t s  from 
s t r a tosphe re - t empera tu re  de t e rmina t ions  us ing  ou tgo ing- rad ia t ion
values  measured i n  t h e  l5-pm carbon d iox ide  band on T i r o s  V I 1  
w i t h  a e r o l o g i c a l  soundings,  w i t h  p a r t i c u l a r  a t t e n t i o n  t o  r e g i s 
t e r i n g  tempera ture  f l u c t u a t i o n s .  The data s t u d i e d  p e r t a i n e d  to 
Campbell I s l a n d  n e a r  New Zealand (53O S . ,  169O E . )  f o r  t he  p e r i o d
from 15 August (end of w i n t e r )  through 15 November (beginning of 
summer) of 1963 and Wilkes S t a t i o n  i n  A n t a r c t i c a  (66O S . ,  11' E.)
f o r  t he  same p e r i o d .  I n  t h e  f i r s t  of these cases ,  t h e  s a t e l l i t e  
data, averaged over  7-8 d a y s ,  d i s t i n c t l y  confirm t h e  almost  regu
l a r  seven-day tempera ture  p e r i o d i c i t y  d e t e c t e d  i n  t h e  a e r o l o g i c a l
soundings.  T h e  o b s e r v a t i o n s  from t h e  A n t a r c t i c  s t a t i o n  do not 
i n d i c a t e  t h i s  p e r i o d i c i t y  and a l s o  demonstrate  a s u b s t a n t i a l  
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Figure  4 . 4 .  I n f luence  
o f  Unbroken Clouds i n  
F i e l d  of  Nimbus I1 
S a t e l l i t e  Radiometer 
on Measured Rad ia t ion  
Temperature Trad Under 
Condit ions of the  A t 
mosphere a t  Middle 
L a t i t u d e s  (45' N.  l a t .  1. 
January.  1) 8 = 8 5 O ;  
2 )  8 = 6g0,  3)  8 = 40";
4 )  e = 0 0 .  

l a y e r
te rmines  t he  c o n t r i b u t i o n  of these wavelengths t o  t h e  outgoing
r a d i a t i o n .  T h i s  opens p r o s p e c t s  f o r  t h e  compi la t ion  of p l a n e t a r y
topographic  c h a r t s  f o r  t h e  10-mbar s u r f a c e  by use of t h i s  c o r r e l a 
t i o n  and aero logica l - sounding  data f o r  t h e  100-mbar l e v e l .  

Analys is  of the  v a r i a t i o n  o f  r a d i a t i o n  temperature averaged 
ove r  the p e r i o d s  from 15-22 January 1 9 6 4  and 22-29 January 1964  
showed s u b s t a n t i a l  t empera ture  c o n t r a s t  over  these s u c c e s s i v e  
weeks, mani fes ted  p r i m a r i l y  i n  the  format ion  of a w a r m  zone i n  
t h e  Caspian Sea r e g i o n .  Data from a e r o l o g i c a l  soundings over  
C e n t r a l  Europe i n d i c a t e  t h a t  t h i s  was a s s o c i a t e d  w i t h  s t r a t o s p h e r 
i c  warming. Warming does no t  p e n e t r a t e  below t h e  10-mbar (30-km)
l e v e l  i n  t h e  r e g i o n  of C e n t r a l  Europe. According t o  s a t e l l i t e  
data f o r  t he  Near E a s t ,  c o r r e c t e d  w i t h  t h e  weight ing  f u n c t i o n ,  /234
warming i s  observed i n  t h i s  r e g i o n  q u i t e  far below 30 k m ,  reaching  
30-50° f o r  t he  25- and 10-mbar l e v e l s ,  r e s p e c t i v e l y .  I n  t h e  r e 
g ion  of the Black and Caspian Seas, t h e  d i r e c t l y  measured 
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d i f f e r e n c e  i n  t h e  n a t u r e  of t h e  at
mospheric c i r c u l a t i o n  as compared w i t h  
middle  l a t i t u d e s .  A t empera ture  i n 
c r e a s e  of approximately 20° reg is te red
i n  the  a e r o l o g i c a l - s t a t i o n  data f o r  
t h e  30-mbar l e v e l  a t  t h e  beginning  of 
the i n t e r v a l  s t u d i e d  i s  a l s o  brought  
ou t  i n  a n a l y s i s  of the  s a t e l l i t e  data ,  
a long w i t h  o t h e r  tempera ture  v a r i a t i o n s .  
It may t h e r e f o r e  be  concluded t h a t  t he  
s a t e l l i t e  data c h a r a c t e r i z e  s t r a t o 
sphere- temperature  v a r i a t i o n s  r e l i a b l y  . 

G .  Warnecke [25] c o n s t r u c t e d  a 
c h a r t  o f  t h e  p l a n e t a r y  d i s t r i b u t i o n  of 
s t r a t o s p h e r e  tempera ture  a t  t h e  30-mbar 
l e v e l  from a e r o l o g i c a l  sounding data 
f o r  21-22 January 1 9 6 4  and compared i t  
w i t h  a s imilar  c h a r t  based on r a d i a t i o n -
tempera ture  measurements i n  t he  15-pm
carbon d i o x i d e  band from t h e  radiom
e t e r  on t h e  T i r o s  VI1 weather sa te l 
l i t e .  The p r i n c i p a l  f e a t u r e s  of the  
tempera ture  f i e l d s  agree s a t i s f a c t o r 
i l y  i n  t h e  two cases  ( t h e  c o r r e l a t i o n  
c o e f f i c i e n t  i s  0 . 9  i n  t h e  Northern 
Hemisphere and r eaches  0 . 9 4  i n  t h e  
Southern Hemisphere). T h i s  means t h a t  
t h e  r a d i a t i o n  tempera ture  f i e l d  can be /233
regarded  as a n  e q u i v a l e n t  o f  t h e  t r u e -
tempera ture  f i e l d  a t  t h e  30-mbar l e v e l .  
Good c o r r e l a t i o n  between r a d i a t i o n  
tempera ture  and r e l a t i v e  topography
would probably be observed f o r  t h e  

from 1 0 0  t o  1 0  mbar,  which de-
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Figure  4.5.  Nomogram for Determinat ion of Cor
r e c t i o n  for I n t e r v e n i n g  Atmospheric Layer i n  
Determinat ion of Cloud-Top Temperatures (Tropi
c a l  Atmosphere, 15O N. l a t .  ). 

r a d i a t i o n  tempera ture  r o s e  by l o o ,  which corresponds to more t h a n  
a 30° i n c r e a s e  i n  t h e  t r u e  tempera ture .  The  r e s u l t s  g iven  here 
demonstrate  t h e  broad p r o s p e c t s  f o r  the  use  of outgoing r a d i a t i o n  
data measured i n  the  15-pm carbon d i o x i d e  band for s tudy  of t h e  
space-time v a r i a t i o n s  of s t r a t o s p h e r e  tempera ture .  

Using T i r o s  V I 1  data ,  W .  Nordberg C241 estimated t h e  s e n s i 
t i v i t y  of t h i s  method to v a r i a t i o n s  of t h e  s t r a t o s p h e r i c  tempera
t u r e .  I f ,  f o r  example, t h e  tempera ture  i n  t h e  25-35-km l a y e r  i n 
c r e a s e s  by l o o ,  t he  d i r e c t l y  measured r a d i a t i o n  tempera ture  i n 
c r e a s e s  from 228 to 331°K. When t h e  same i n c r e a s e  i n  t r u e  t e m 
p e r a t u r e  occur s  i n  t he  33-43-km l a y e r ,  t h e  e f f e c t i v e  t empera tu re
reaches  only 228.5OK ( a  0.5O t empera tu re  change i s  o u t s i d e  the 
l i m i t s  o f  measurement e r r o r ) .  The  d a t a - a n a l y s i s  examples con
s idered by W. Nordberg i n d i c a t e  t he  complex n a t u r e  of  the  space-
t i m e  v a r i a t i o n s  of r a d i a t i o n  tempera ture  and a c e r t a i n  ambiguity
of  t he  r e s u l t s .  However, d e s p i t e  t he  i n t e r p r e t a t i o n  d i f f i c u l t i e s ,  
the  data acqu i red  made i t  p o s s i b l e  f o r  t he  f i rs t  t i m e  to ana lyze
l a r g e - s a a l e  f e a t u r e s  o f  t he  p l a n e t a r y  stratospheric-temperature 
f i e l d  i n  t h e  b e l t  from 65O N. to 65O S. and ag ree  q u i t e  satis
f a c t o r i l y  w i t h  known ( b u t  t h i n )  c l i m a t o l o g i c a l  rad iosonde  data f o r  
the  Northern Hemisphere. 
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S a t e l l i t e  data i n d i c a t e  that the  s t r a t o s p h e r i c  temperature
f i e l d  i n  t he  Southern  Hemisphere has an  almost  zona l  c h a r a c t e r ,  
and tha t  t h e  spa t i a l  v a r i a b i l i t y  of temperature i n  t he  Northern 
Hemisphere i s  incomparably more complex d u r i n g  the  Northern H e m i s 
phe re  w i n t e r  ( J a n u a r y ) ,  which shows a w a r m  c e n t e r  (23OOK) i n  t he  
r e g i o n  o f  t he  Aleu t i an  a n t i c y c l o n e  and a very c o l d  nuc leus  above 
the North A t l a n t i c  (210°K), t h e  l a t t e r  r e f l e c t i n g  the  i n f l u e n c e  
o f  the  c i rcumpolar  v o r t e x .  The  s t r a t o s p h e r i c  warming e f f e c t  i n  
the Near E a s t  was c l e a r l y  d i s c e r n i b l e .  I n  summer (Augus t ) ,  t h e  
tempera ture  d i s t r i b u t i o n  i n  t h e  Northern Hemisphere approaches
zonal ,  w i t h  a maximum of 2 3 6 O ~a t  60° N .  l a t . ,  w h i l e  s u b s t a n t i a l  
anomalies  are c h a r a c t e r i s t i c  f o r  t h e  Southern  Hemisphere. 

F igu re  4.6. G l o b a l  D i s t r i b u t i o n  of S t r a t o s p h e r e
Temperature on 2 1  May 1966. 

L e t  us  now t u r n  t o  c e r t a i n  de t e rmina t ions  of t h e  s t r a t o s 
pher ic - tempera ture  f i e l d  from measurements of t he  outgoing radia
t i o n  i n  t h e  15-vm carbon d i o x i d e  band tha t  were ob ta ined  by G .  
Warnecke [27, 301 by t h e  most c o r r e c t  method of i n t e r p r e t e t i n g
a c t i n o m e t r i c  data from t he  Nimbus I1 s a t e l l i t e  ( w i t h  consid,era
t i o n  of t he  cloud e f f e c t )  and r e p r e s e n t  t he  f i r s t  example of 1235 
g l o b a l  data on the  s t r a t o s p h e r e ' s  t empera tu re  f i e l d .  
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Figure  4 .7 .  Global D i s t r i b u t i o n  of S t r a t o s p h e r e
Temperature on 2 4  J u l y  1966. 

F igu res  4.6-4.7 are c h a r t s  of the  geographic  d i s t r i b u t i o n  of 
s t r a t o s p h e r e  tempera tures  accord ing  t o  data for 2 1  May and 24  J u l y
1966  (data on the  24-hour outgoing r a d i a t i o n  were used i n  con
s t r u c t i n g  t h e s e  c h a r t s ) .  During t h e  span of t i m e  cons ide red  (end
of May t o  end o f  J u l y ) ,  t h e  tempera ture  f i e l d  w a s  comparat ively
s t a t i o n a r y  i n  t he  Northern Hemisphere. Thus, t h e  h i g h e s t  t e m 
p e r a t u r e s  remained above t h e  North A r c t i c  Ocean a t  a l l  t i m e s .  The 
h o r i z o n t a l  t empera ture  g r a d i e n t s  were s m a l l  over t h e  e n t i r e  hemi
sphere .  The tempera ture  maximum ( 2 4 O O K )  was observed above the  
North Pole  on about  1 J u l y  1966. The s t r a t o s p h e r i c  t empera tu re
i n  t h e  t r o p i c a l  zone (30' S.-30° N . )  w a s  220-225OK and r o s e  
s l i g h t l y  from s o u t h  t o  n o r t h .  

A more dynamic t empera tu re  f i e l d  w a s  observed i n  t he  s t r a t o - /236
sphe re  ove r  t h e  Southern  Hemisphere. A s  w e  see from F i g .  4.6,  a 
p o l a r  v o r t e x  appeared as e a r l y  as 2 1  May over  t h e  South P o l e  and 
p e r s i s t e d  throughout  t h e  e n t i r e  i n t e r v a l  s t u d i e d .  Over t he  f i r s t  
s i x  weeks of t h i s  p e r i o d ,  t he  t empera tu re  f i e l d  e x h i b i t e d  a char
a c t e r i s t i c  asymmetry. Thus, on 2 1  May 1966 ,  a broad r e g i o n  of 
r e l a t i v e l y  w a r m e r  a i r  extended toward t h e  sou the rn  p e r i p h e r i e s  of 
t h e  A t l a n t i c  and I n d i a n  Oceans, c r e a t i n g  a strong mer id iona l  t e m 
p e r a t u r e  g r a d i e n t .  The  w a r m  c e n t e r s  were observed t o  s h i f t  east-



Figure  4.8.  V a r i a t i o n  of S t r a t o s p h e r e  Temperature
from 2 1  May Through 2 4  J u l y  1966 .  

ward dur ing  t h e  next  t h ree  weeks, w i t h  t he  r e s u l t  t h a t  on 1 0  June ,  

t h e  w a r m  a i r  had reached  A u s t r a l i a  and t h e  wes te rn  s e c t o r  of t h e  

P a c i f i c  Ocean's s o u t h e r n  pe r iphe ry .  During t h e  second ha l f  of 

June ,  however, t h e  w a r m  a i r  w i t h d r e w  t o  lower l a t i t u d e s  and t h e  /237

p o l a r  v o r t e x  became the rma l ly  more symmetr ical .  T h i s  s i t u a t i o n  

p e r s i s t e d  u n t i l  the  end of J u l y  ( s e e  F i g .  4 . 7 ) .  T h i s  was ac 

companied by g radua l  coo l ing  a t  t h e  c e n t e r  of t h e  v o r t e x  from t h e  

middle of May (about  205OK) t o  t h e  beginning  of J u l y  (196OK),

a f t e r  which t h e  tempera ture  drop ceased .  However, maximum cool 

i n g  was observed n o t  i n  t h e  zone o f  t h e  p o l a r  n i g h t  above Ant

a r c t i c a ,  bu t  a long  t h e  sou the rn  p e r i p h e r y  of t he  A t l a n t i c  and 

I n d i a n  Oceans (55-65"  S. l a t . ,  see F i g .  4 .8) .  A de t a i l ed  analy 

sis  o f  t h e  t e m p e r a t u r e - f i e l d  v a r i a t i o n s  shows t h a t  t h e  geo

g r a p h i c a l - d i s t r i b u t i o n  f e a t u r e s  of t h i s  c o o l i n g  are governed by 

a tempera ture  wave tha t  t r a v e l s  around t h e  South Po le  above t h e  

upper p a r t  of the  midd le - l a t i t ude  zone and has a n  ampl i tude  t h a t  

dec reases  w i t h  t i m e  ( p r a c t i c a l l y  to zero  i n  J u l y ) .  T h i s  f a c t  

i n d i c a t e s  the  importance of dynamic p rocesses  as a f a c t o r  i n  

w i n t e r  c o o l i n g  i n  t h e  r e g i o n  of t h e  p o l a r  v e r t e x  i n  t he  Southern /238

Hemisphere. The examples cons idered  above merely i l l u s t r a t e  t h e  

p o s s i b i l i t i e s  opened by t h e  use of s a t e l l i t e  data for s tudy  of 

t h e  s t r a t o s p h e r e ' s  t empera ture  f i e l d .  A weal th  of o b s e r v a t i o n a l  
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material from the  T i r o s  VI1 s a t e l l i t e  f o r  t h e  p e r i o d  from June 
1963 through J u l y  1964 i s  a v a i l a b l e  i n  t h e  Atlas compiled by
J.S. Kennedy C291 i n  the form o f  p l a n e t a r y - d i s t r i b u t i o n  c h a r t s  
of  10-day-average s t r a t o s p h e r e  tempera tures .  There i s  no doubt 
t ha t  subsequent  a p p l i c a t i o n  of t h e  method desc r ibed  i n  t h i s  sec
t i o n  w i l l  be  very  f r u i t f u l  from the  s t andpo in t  of i n v e s t i g a t i o n
of l a r g e - s c a l e  p r o c e s s e s  i n  t h e  s t r a t o s p h e r e .  

I n  a r e c e n t  paper  by M . N .  Markov [33], an a t tempt  w a s  made 
to use  r o c k e t  and s a t e l l i t e  data on t h e  angu la r  d i s t r i b u t i o n  of 
the outgoing r a d i a t i o n  i n  the  12.5-38-pm band t o  de te rmine  the  
water-vapor c o n c e n t r a t i o n  i n  t h e  mesosphere. However, t h e  re
s u l t s  of  t h i s  s tudy  r e q u i r e  f u r t h e r  a t t e n t i v e  a n a l y s i s  and con
f i r m a t i o n  by d i r e c t l y  measured data.  



Chapter 5 

T H E R M A L  S E N S I N G  O F  THE A T M O S P H E R E  

The p r e  ed ing  c h a p t e r s  have examined i n  d e t a i l  t h e  p ssi
b i l i t i e s  f o r  de t e rmina t ion  of  c e r t a i n  impor tan t  parameters  char
a c t e r i z i n g  t h e  s t a t e  o f  t h e  ear th-atmosphere system: t h e  tempera
t u r e  o f  t h e  ground s u r f a c e  o r  c loud t o p s ,  t o t a l  a tmospheric  mois
t u r e  c o n t e n t ,  t h e  average  tempera tures  o f  s p e c i f i c  a tmospheric
l a y e r s .  Knowledge of these parameters  i s  necessary  f o r  s o l u t i o n  
o f  many p r a c t i c a l l y  impor tan t  problems. Moreover, some of these 
c h a r a c t e r i s t i c s  are used i n  s o l v i n g  more g e n e r a l  and complex
s a t e l l i t e  problems - r e c o n s t r u c t i o n  o f  t h e  v e r t i c a l  d i s t r i b u t i o n s  
o f  me teo ro log ica l  e lements  i n  t h e  atmosphere.  Problems o f  re
c o n s t r u c t i n g  tempera ture  and humidity d i s t r i b u t i o n s  i n  t h e  atmos
phere  on t h e  basis  o f  i n t e r p r e t a t i o n  o f  t he rma l - r ad ia t ion  measure
ments have been i n v e s t i g a t e d  most i n t e n s i v e l y  i n  r e c e n t  y e a r s .  
The two chap te r s  t h a t  fo l low are  devoted t o  s o l u t i o n  o f  t h e s e  
problems. 

$1. FORMULATION AND GENERAL CHARACTERIZATION O F  THE PROBLEM 

Knowledge of t he  three-dimensional  f i e l d s  of  t h e  p r i n c i p a l
c h a r a c t e r i s t i c s  of t h e  a tmosphere ' s  p h y s i c a l  s t a t e  - p r e s s u r e ,  
t empera ture ,  d e n s i t y ,  and humidity - i s  extremely impor tan t  f o r  
s o l u t i o n  of  a w i d e  v a r i e t y  o f  s c i e n t i f i c  and a p p l i e d  problems.
Among these problems, w e  make f i rs t  mention of  numerical  weather 
f o r e c a s t i n g .  The above atmospheric  v a r i a b l e s  are r e l a t e d  by two 
famil iar  r e l a t i o n s h i p s  El]: 

the  equa t ion  of  s t a t e  of moist  a i r  

and t h e  s t a t i c  equa t ion  

Under t h e  c o n d i t i o n s  of t h e  ear th ' s  atmosphere,  t h e  v i r t u a l  /240 
t empera ture  Tv, which takes account  of  t h e  water vapor p r e s e n t  i n  
t h e  atmosphere,  u s u a l l y  d i f f e r s  l i t t l e  from t h e  k i n e t i c  tempera
t u r e ,  i . e . ,  Tv = T. (The l a r g e s t  d i f f e r e n c e s  between Tv and T 
are observed a t  high tempera tures  and h igh  r e l a t i v e  humid i t i e s  
[l].) Knowing t h e  a l t i t u d e  d i s t r i b u t i o n  of  one o f  t h e  p r i n c i p a l
p h y s i c a l  v a r i a b l e s  of  s t a t e ,  we can apply ( 5 . 1 )  and ( 5 . 2 )  o r  re la
t i o n s h i p s  de r ived  from them to f i n d  t h e  d i s t r i b u t i o n s  of o t h e r  
parameters .  ( T h i s  may, however, r e q u i r e  c e r t a i n  a d d i t i o n a l  

216 




I 


i n fo rma t ion ,  e . g . ,  on t h e  p r e s s u r e  a t  a f i x e d  l e v e l . )  T h i s  raises 
the  q u e s t i o n  o f  t he  optimum method f o r  de te rmining  the  atmos
p h e r e ' s  c h a r a c t e r i s t i c s  of  s t a t e .  Various s t u d i e s  have proposed
va r ious  methods f o r  s o l u t i o n  of t h i s  problem. For  example, a 
number o f  i n v e s t i g a t o r s  have proposed t o  determine the  tempera ture
d i s t r i b u t i o n  i n  t he  atmosphere by sounding f o r  tempera ture ,  w h i l e  
o t h e r s  would determine t h e  d e n s i t y  d i s t r i b u t i o n  i n  t h e  atmosphere
from microwave r e f r a c t i o n  [2-4,  2 .401 .  The f i n a l  s e l e c t i o n  among
these methods i s  a r a t h e r  complex problem and can be made only
a f t e r  c a r e f u l  a n a l y s i s  of t h e  e n t i r e  se t  o f  f a c t o r s  t h a t  char
a c t e r i z e  t h e  p a r t i c u l a r  experiment : t h e  accuracy of  r e c o n s t r u c t i o n  
of t h e  r e q u i r e d  c h a r a c t e r i s t i c s ,  t h e  range o f  t h e i r  r e c o n s t r u c t i o n  
i n  t h e  atmosphere,  t he  complexity and c o s t  o f  t h e  experiment ,  space
and t i m e  r e s o l u t i o n ,  t h e  accuracy o f  measurement o f  t h e  r a d i a t i o n  
c h a r a c t e r i s t i c  needed, e t c .  The f i r s t  s t e p  i n  s o l u t i o n  o f  t h i s  
complex problem might be  to s tudy  t h e  r e l a t i o n s h i p s  among t h e  
e r r o r s  o f  t he  parameters  o f  i n t e r e s t  t o  us  by ana lyz ing  t h e  equa
t i o n s  of  s t a t e  and s t a t i c s .  Reference [5] compares t h e  e r r o r s  of 
two methods of a c q u i r i n g  t h e  atmosphere 's  p r e s s u r e  ( ? : s t r ibu t ion :
from measured data on t h e  tempera ture  d i s t r i b u t i o n  . I )  and from 
the d i s t r i b u t i o n  of  a i r  d e n s i t y  (11). Informat ion  on t h e  p r e s s u r e  
a t  the  ground w i t h  an e r r o r  Ap = 1 mbar i s  used i n  both  cases  
( T a b l e  5 . 1 ) .  

TABLE 5.1.  COMPARISON OF THE ERRORS OF PRESSURE 
A C Q U I S I T I O N  BY TWO METHODS 

I 
.- r

z, km 

__

dP-o,o 0, l  0,3 0.5 1,9 3.8 
P 

Ap mb 1,0 3,O 4,51 0,21 0,1 

--/oAP 0,1 0,16 0,22*0,7 1,3
P 

Ap mb 1,0 1.5 2,0 3.8 3.4 

AP 0,1 0.16 0,2 1.0 3.0--/oP 
Ap mb 1,0 1,5 2,0 5.7 8.4 

We see from a n a l y s i s  of  t he  data i n  T a b l e  5.1 ( the  compari
son has been made f o r  r e l a t i v e l y  s imple  c o n d i t i o n s )  t h a t  even when 
tempera ture  i s  r e c o n s t r u c t e d  w i t h  r e l a t i v e l y  moderate accuracy
(dT = 3%, AT a 7 - 9 O ) ,  t h e  accuracy  o f  p r e s s u r e  r e c o n s t r u c t i o n  by 
the  first method i s  h i g h e r  f o r  z > 10 k m  t h a n  when dens i ty -d i s 
t r i b u t i o n  in fo rma t ion  i s  used. For g iven  r e l a t i v e  e r r o r s  of t h e  
s t a r t i n g  data ( 6  = l%), t h e  former method has t h e  advantage over  
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t h e  l a t t e r  f o r  p r a c t i c a l l y  t h e  e n t i r e  atmosphere.  

Temperature sounding i s  a promising method o f  a c q u i r i n g  t h e  
atmosphere 's  p r i n c i p a l  c h a r a c t e r i s t i c s  from o t h e r  p o i n t s  of view 
as w e l l .  A t  the  p r e s e n t  t i m e ,  s p e c i a l  i n s t rumen t s  have been de
s igned  and tes ted  s u c c e s s f u l l y  f o r  s o l u t i o n  of  t h i s  problem (see
Chapter II),,and the  d i f f i c u l t i e s  of numerical  r a d i a t i o n - d a t a  
i n t e r p r e t a t i o n  have been s u b s t a n t i a l l y  overcome. Densi ty  deter- / 2 4 1
minat ion  by temperature-sounding experimen5s a l s o  has d e f i n i t e  
c o s t  advantages over  the  "microwave" method. A system of sa te l 
l i t e s  (4-6 i n  number) i s  r e q u i r e d  t o  o b t a i n  the  d e n s i t y  p r o f i l e ,
whi le  one i s  s u f f i c i e n t  t o  de te rmine  tempera ture .  

The idea  of  u s i n g  t h e  outgoing r a d i a t i o n  of  t h e  earth-atmos
phere  system t o  f i n d  t h e  tempera ture  d i s t r i b u t i o n  w a s  f i r s t  ad
vanced by J .  King i n  1956 C61. I n  t h i s  pape r ,  King proposed t h a t  
t h e  tempera ture  p r o f i l e  be found by de termining  a source  f u n c t i o n  
B, from t h e  measured ang le  dependence of t h e  thermal r a d i a t i o n .  
However, t h i s  approach t o  s tudy  of  t h e  thermal  s t r u c t u r e  of the  
atmosphere has a number of  d i sadvan tages ,  p r i n c i p a l  among which 
i s  the  need t o  assume t h a t  t h e  atmosphere i s  h o r i z o n t a l l y  homo
geneous. I n  1959 ,  L. Kaplan [ 7 ]  proposed tha t  measurements o f  
t h e  s p e c t r a l  curve o f  t h e  outgoing thermal  r a d i a t i o n  a t  t h e  n a d i r  
b e  used f o r  t h e  same purpose.  The  b a s i c  f e a t u r e s  of t h i s  p roposa l  
are v a l i d  today ,  a l though t h e  temperature-sounding i d e a  has been 
developed i n t e n s i v e l y  i n  a l l  of  i t s  a s p e c t s  du r ing  the  i n t e r v e n i n g
decade. 

G.I. Marchuk [lo13 formula ted  a g e n e r a l  approach t o  s o l u t i o n  
of the i n v e r s e  problems o f  a tmospher ic  o p t i c s .  L e t  us  cons ide r  
t he  r a d i a n t - t r a n s f e r  equa t ion  i n  i t s  o p e r a t o r  form 

L3"'f. ( 5 . 3 )  

Here L i s ,  i n  t h e  g e n e r a l  ca se ,  t h e  i n t e g r o d i f f e r e n t i a l  r a d i a n t -
t r a n s f e r  o p e r a t o r ;  @ i s  t h e  r a d i a n t  i n t e n s i t y ;  -f a r e  t h e  r a d i a t i o n  / 2 4 2  
sou rces .  

Ins t rument  r ead ings  a r e  f u n c t i o n a l s  o f  t h e  r a d i a t i o n  f i e l d  
and can b e  p re sen ted  i n  t h e  form 

The pa ren theses  i n  ( 5 . 4 )  denote  t he  s c a l a r  p roduc t ,  ? . e . ,  
i n t e g r a t i o n  of t h e  f u n c t i o n s  over  t h e  e n t i r e  range  of t h e  problem's
v a r i a b l e s  . 

L e t  us now w r i t e  t h e  fo l lowing  a d j o i n t  I e qua t ion  f o r  an 
a r b i t r a r y  l i n e a r  f u n c t i o n a l  : 

L' OP '-P. (5 .5 )  
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t h e  a d j o i n t  be ing  understood i n  t h e  Lagrangian s e n s e .  

It can be shown t h a t  t h i s  f u n c t i o n a l  can be  e v a l u a t e d  e i t h e r  
w i t h  (5 .4)  or by the  formula 

i . e . ,  t h e  f u n c t i o n a l  J
P 

can be c a l c u l a t e d  e i t h e r  by s o l v i n g  t h e  

b a s i c  problem (5 .3 )  or by s o l v i n g  the  a d j o i n t  problem ( 5 . 5 ) .  

G . I .  Marchuk invoked a s t a n d a r d  atmosphere c h a r a c t e r i z e d  by
ass igned  d i s t r i b u t i o n s  o f  t h e  me teo ro log ica l  e lements  tempera ture ,
humidi ty ,  a e r o s o l s ,  e t c .  T h i s  atmosphere and the i n v e r s e  problem
corresponding t o  i t  might b e  referred t o  as "undis turbed ."  Gener
a l l y ,  f u n c t i o n a l s  measured from a s a t e l l i t e  w i l l  p e r t a i n  t o  t he  
rea l ,  i . e . ,  "d i s tu rbed"  problem. The b a s i c  problem i s  t o  deter
mine the v a r i a t i o n s  of  t h e  atmosphere 's  c h a r a c t e r i s t i c s  from as
s igned  v a r i a t i o n s  of t he  f u n c t i o n a l s .  T h i s  i s  done by c o n s t r u c t 
i n g  t h e  a p p r o p r i a t e  formulas  of d i s t u r b a n c e  theo ry  f o r  t he  func
t i o n a l s .  

We w r i t e  f o r  t h e  d i s t u r b a n c e  problem 
L'?' f', 

L'==L+ZL, f.'= f +8f. 

We can t h e n  d e r i v e  the fo l lowing  expres s ion  t o  l i n k  the  v a r i a 
t i o n s  of  t h e  f u n c t i o n a l  w i t h  t h o s e  of  t h e  atmosphere 's  c h a r a c t e r 
i s t i c s :  

(*pi,  ZL.?*- if)==- 8  fp. 

Since  t h e  in s t rumen t  produces measurements i n  va r ious  seg
ments of  t h e  spectrum, we a c t u a l l y  have a s e t  of v a r i a t i o n s  of 
f u n c t i o n a l s  J p , ,  n=l .  2, ...,N and t h e  f u n c t i o n s  q)*, corresponding  t o  

p, 

them. Obviously,  t h e  in fo rma t ion  i n  t h e  v a r i o u s  f u n c t i o n a l s  must 

be independent ,  i .e .  , 


T h i s  g e n e r a l  fo rmula t ion  of  t h e  a tmospher ic -opt ics  problems w a s  /243

a l s o  used by G . I .  Marchuk t o  formula te  the  thermal-sounding prob 

l e m .  


The b a s i c  r e l a t i o n s h i p  by which t h e  measured q u a n t i t y  - rad
i a n t  i n t e n s i t y  - can be connected t o  t h e  atmospheric  tempera ture
d i s t r i b u t i o n  i s  the  i n t e g r a l  form of  t he  i n f r a r e d  or microwave 
r a d i a n t - t r a n s f e r  equa t ion .  L e t  us  w r i t e  an expres s ion  f o r  the  
outgoing  thermal  r a d i a t i o n  i n  t he  v e r t i c a l  d i r e c t i o n  a t  t h e  t o p
of t h e  atmosphere i n  the form 

I 



i 

Here i s  an a r b i t r a r y  space  v a r i a b l e ,  e . g . ,  y = p o r  y = l o g  p .  

I n  t h e  g e n e r a l  c a s e ,  r a d i a n t  i n t e n s i t y  i s  a complex func
t i o n a l  of a number o f  a tmospheric-parameter  d i s t r i b u t i o n s :  t e m 
p e r a t u r e  T ( y ) ,  absorb ing  subs t ances  q i ( p ) ,  p r e s s u r e  p; i t  depends 
on t h e  o p t i c a l  c h a r a c t e r i s t i c s  of t h e  s p e c t r a l  i n t e r v a l s  con
s idered and on a number of o t h e r  c h a r a c t e r i s t i c s .  The  f irst  t e r m  
on t h e  r i g h t  i n  ( 5 . 6 )  i s  governed by t h e  a tmosphere ' s  i n t r i n s i c  
emiss ion ,  and t h e  second by t h e  c o n t r i b u t i o n  o f  under ly ing-sur face
r a d i a t i o n .  ( I n  w r i t i n g  ( 5 . 6 ) ,  w e  assume tha t  t he  e m i s s i v i t y  of 
t h e  under ly ing  s u r f a c e  i s  u n i t y ;  w r i t i n g  t h e  cor responding  expres
s i o n s  f o r  o t h e r  g e n e r a l  hypotheses  r e p r e s e n t s  no d i f f i c u l t y .  ) 

C a l c u l a t i o n  of the  r a d i a n t  i n t e n s i t y  o r  o t h e r  q u a n t i t a t i v e
c h a r a c t e r i s t i c s  o f  t h e  r a d i a t i o n  f i e l d  from a s s i g n e d  t r a n s m i s s i o n  
f u n c t i o n s  and known a tmospher ic  v a r i a b l e - o f - s t a t e  d i s t r i b u t i o n s  
i s  u s u a l l y  r e f e r r e d  t o  as t h e  d i r e c t  problem. The i n v e r s e  prob
lems o f  i n f r a r e d  o r  microwave r a d i a n t  t r a n s f e r  c o n s i s t  i n  d e t e r 
d n a t i o n  of t h e  d i s t r i b u t i o n s  of t h e  m e t e o r o l o g i c a l  e lements  i n  
t h e  atmosphere - e . g . ,  t h o s e  of t empera tu re ,  humidi ty ,  and t h e  
atmosphere 's  c o n s t i t u e n t s  - from ass igned  t r a n s m i s s i o n  f u n c t i o n s  
( o r ,  i n  t h e  more g e n e r a l  s e n s e ,  from ass igned  a b s o r p t i o n  char
a c t e r i s t i c s  of t h e  a tmospher ic  g a s e s )  and measured r a d i a t i o n  char
a c t e r i s t i c s .  

Measured r a d i a t i o n  data s imul t aneous ly  c o n t a i n  in fo rma t ion  
on t h e  d i s t r i b u t i o n s  of  many atmospheric  v a r i a b l e s .  Genera l ly
speaking ,  i t  i s  not  p o s s i b l e  t o  determine t h e  tempera ture  d i s 
t r i b u t i o n  from such d a t a .  However, if t h e  r a d i a t i o n  measurements 
p e r t a i n  t o  the  a b s o r p t i o n  bands of  gases  whose d i s t r i b u t i o n s  i n  
t h e  atmosphere are  known and c o n s t a n t  i n  t ime ,  and i f  a l l  o p t i c a l  
parameters  t h a t  de te rmine  r a d i a t i o n  a r e  a s s i g n e d ,  t h e  only un- / 2 4 4
known f u n c t i o n  w i l l  be t h e  d i s t r i b u t i o n  of tempera ture  i n  t h e  a t 
mosphere. The t r a n s m i s s i o n  f u n c t i o n s  of such a b s o r p t i o n  bands 
and t h e i r  d e r i v a t i v e s  f o r  s p e c i f i c  s p e c t r a l  i n t e r v a l s ,  which, as 
w e  see from ( 5 . 6 ) ,  p l a y  a fundamental  r o l e  i n  shaping  t h e  outgoing
r a d i a t i o n  and are needed f o r  s o l u t i o n  of t h e  i n v e r s e  problem, can 
be computed i n  advance. Very o f t e n ,  because of t h e  dependence of  
t he  t r a n s m i s s i o n  f u n c t i o n s  on t h e  unknown t empera tu re  d i s t r i b u t i o n  
and t h e  d i s t r i b u t i o n s  o f  o t h e r  absorb ing  gases  ( f o r  example, water 
v a p o r ) ,  whose c o n c e n t r a t i o n s  i n  t h e  atmosphere a r e  s u b j e c t  t o  w i d e  
v a r i a t i o n s ,  t he  t r a n s m i s s i o n  f u n c t i o n s  may d i f f e r  under t h e  
s p e c i f i c  c o n d i t i o n s  o f  an experiment from t h o s e  computed f o r  a 
d e f i n i t e  model of t h e  atmosphere.  I f  t h e  i n f l u e n c e  of a l l  o f  
these f a c t o r s  i s  weak, t h e  i n v e r s e  problem can still be so lved ,  
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b u t  t h e  accuracy  w i t h  which t h e  unknown f u n c t i o n  i s  r e c o n s t r u c t e d  
w i l l  no t  be good enough (see $5 of t h i s  c h a p t e r ) .  Then t h e  i n f o r 
mation ob ta ined  on t h e  atmosphere 's  t he rma l  s t r u c t u r e  can b e  used ,  
a long  w i t h  data on t h e  absorbing-matter  d i s t r i b u t i o n ,  which can 
be determined from o t h e r  r a d i a t i o n  measurements, t o  improve t h e  
t r a n s m i s s i o n  f u n c t i o n s  and determine the  tempera ture  p r o f i l e  more 
a c c u r a t e l y .  

The f a c t  t h a t  t h e  radia
t i o n  sensed  by t h e  i n s t r u 
ment a t  d i f f e r e n t  f requen
c i e s  i s  gene ra t ed  by d i f 
f e r e n t  l a y e r s  of t h e  atmos
phere forms the  p h y s i c a l
basis f o r  s u c c e s s f u l  u se  of  
i n fo rma t ion  on t h e  atmos
p h e r e ' s  thermal  s t r u c t u r e .  
F igu re  5 . 1  shows t y p i c a l
k e r n e l s  of Eq. ( 5 . 6 ) ,  i . e . ,  

t y p i c a l  f u n c t i o n s  dPavi (log P )  
0 1% /J 

i n  t h i s  case  cor responding  
to s p e c t r a l  i n t e r v a l s  i n  
t h e  1.5-um carbon d iox ide  
band f o r  s a t e l l i t e  observa
- t ions .  These f u n c t i o n s ,  
which are  o f t e n  known as 
"weighting f u n c t i o n s ,  " can 
be t r e a t e d  as t h e  d e n s i t y
d i s t r i b u t i o n  f u n c t i o n s  of  
t h e  p r o b a b i l i t y  t ha t  a 
quantum of f requency v i n  
t h e  range Avi w i l l  a r r i v e  
from a p o i n t  w i t h  t h e  coor
d i n a t e  l o g  p .  Weighting 
f u n c t i o n s  have t h e  fo l lowing
c h a r a c t e r i s t i c  p r o p e r t i e s  : 
1) f i n i t e  t h i c k n e s s ,  mutual  

p,mbarI 

10 

8 

100 C 

0 Q5 40 d P / d ( L o g p )  

F i g u r e  5 .1 .  Kernels  of Eq. ( 5 . 6 )
f o r  Seven S p e c t r a l  I n t e r v a l s  i n  
t h e  15-pm C o n  Band. A )  v = 669 
cm-'; B )  y = 677.5 cm-'; C )  v = 
= 6 9 1  cm- ; D )  v = 697 em-'; E )  
v = 703 cm-'; F) v = 7 0 9  cm-';
G )  v = 743 cm-'. 

2 )  c o r r e l a t i o n  of  f u n c t i o n s  co r re 
sponding to d i f f e r e n t  Avi. S i m i l a r  p r o p e r t i e s  of t h e  f u n c t i o n s  
are a l s o  observed f o r  o t h e r  r e g i o n s  of t h e  spectrum. The f i r s t  

prope r ty  has as a consequence tha t  s p e c t r a l  measurements c a r r y 

i n fo rma t ion  on the  the rma l  s t a t e  of a tmospher ic  l a y e r s  t h a t  are  

l i m i t e d  i n  t h i c k n e s s ,  a l though q u i t e  e x t e n s i v e .  I n  t h e  f i n a l  

a n a l y s i s ,  the  d i s t r i b u t i o n - f u n c t i o n  t h i c k n e s s  determines t h e  t e m  

p e r a t u r e - p r o f i l e  v e r t i c a l  r e s o l u t i o n  a t t a i n a b l e  by i n d i r e c t  

methods. Because o f  t h i s  p r o p e r t y  of t h e  d i s t r i b u t i o n  f u n c t i o n s  

and t h e  p resence  of e r r o r s  i n  t h e  measurements, t h e  thermal-sound 

ing method does no t  y i e l d  i n f o r m a t i o n  on t h e  f i n e  s t r u c t u r e  of t h e  

t empera ture  p r o f i l e .  The second p r o p e r t y  of  t h e  d i s t r i b u t i o n  

f u n c t i o n s  compl ica tes  s o l u t i o n  of t h e  corresponding mathematical  /245 
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problem on the  one hand ( t h e  l i n e a r  dependence o f  t h e  equa t ions
of  t h e  a l g e b r a i c  sys tem tha t  approximates  t he  i n t e g r a l  e q u a t i o n )
and, on t h e  o t h e r ,  makes i t  p o s s i b l e  t o  r e c o n s t r u c t  t h e  tempera
t u r e  p r o f i l e ,  b u t  n o t  t o  determine the  mean t empera tu res  of  s p e c i f 
i c  a tmospheric  l a y e r s ,  as would be  t he  c a s e  f o r  t o t a l l y  uncorre
l a t ed  d i s t r i b u t i o n  f u n c t i o n s .  

We n o t e  tha t  i t  w a s  t he  des i re  t o  i s o l a t e  5-7 s p e c t r a l  i n t e r 
v a l s  w i t h i n  a s p e c i f i c  a b s o r p t i o n  band w i t h  d i s t r i b u t i o n  f u n c t i o n s  
having rather small c o r r e l a t i o n  c o e f f i c i e n t s  - which i s  e q u i v a l e n t  
t o  measuring t h e  r a d i a t i o n  a r r i v i n g  from apprec iab ly  d i f f e r i n g
h e i g h t s  i n  the  atmosphere - t h a t  led the  a u t h o r s  o f  the  e a r l y  
papers t o  t h e  conc lus ion  t h a t  i t  was necessary  t o  measure w i t h  
h igh s p e c t r a l  r e s o l u t i o n  (-5 cm-' ) . A c t u a l l y ,  however, t h e  prob
l e m  o f  optimum measurement c o n d i t i o n s  must be s o l v e d  on a more 
r i g o r o u s  basis (see $ 2  o f  t h i s  c h a p t e r ) .  

I n  p r a c t i c e ,  t h e  problem of  thermal sounding o f  t h e  atmos- /246
phere  r educes  t o  s o l u t i o n  of a Fredholm i n t e g r a l  e q u a t i o n  o f  the  
f i rs t  k ind :  

b

J Y)y 01) d~=f (x). (5 .7 )  

The conversion from t h e  g e n e r a l  e x p r e s s i o n  ( 5 . 6 )  t o  conc re t e  forms 
o f  t h e  i n t e g r a l  e q u a t i o n  i s  accomplished d i f f e r e n t l y  i n  d i f f e r e n t  
methods. F i r s t  of a l l ,  t h e  unknown i n  many o f  t h e  methods i s  no t  
t h e  tempera ture  i t s e l f ,  bu t  t h e  temperature-dependent Planck func
t i o n  B,(y) of black-body r a d i a t i o n .  Having determined t h e  depen
dence of  B, on some space  v a r i a b l e  by s o l v i n g  t h e  e q u a t i o n ,  i t  i s  
easy  t o  conver t  t o  t h e  s p a t i a l  d i s t r i b u t i o n  of  t empera tu re  us ing  
( 1 . l l a ) .  I n  a l l  methods i n  which t h e  Planck f u n c t i o n  i s  found,
i t  i s  necessary  t o  e l i m i n a t e  t h e  frequency dependence of  B, i n  
o r d e r  t o  reduce t h e  problem t o  s o l u t i o n  o f  i n t e g r a l  equa t ion  (5.7).  
T h i s  i s  done by v a r i o u s  methods a t  the p r e s e n t  t i m e .  

1. The Planck f u n c t i o n  can be approximated i n  the form [8] 
u 


B (v, T )== Q (v) B (v,, T)+p (v). (5 .8 )  

where vr i s  a r e f e r e n c e  frequency,  u s u a l l y  p l aced  a t  t he  c e n t e r  of 
t he  s p e c t r a l  i n t e r v a l  under c o n s i d e r a t i o n ;  a(,) and B(v)  are  known 
f u n c t i o n s .  

unknown f u n c t i o n  i s  the Planck f u n c t i o n  f o r  frequency v r .  The ac
curacy of (5 .8)  depends an t h e  wid th  of t he  s p e c t r a l  i n t e r v a l  
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Figure  5.3.  Error 6 = 

.mat ion of  S p e c t r a l  Dependence
o f ,  Black-Body Rad ia t ion  as a 
Funct ion  of Dis tance  t o  Refer
ence Frequency v+ a t  X = 4.3 
u m  ((302 Absorption Band).

F igure  5.2.  Error 

1 0 0 %  of cons idered  and t h e  tempera ture  
range  i n  which i t  i s  used .  Fig-

Approximation of  Spec- u r e s  5 .2  and 5 . 3  p r e s e n t  data 
t r a l  Dependence of Black- c h a r a c t e r i z i n g  t h e  e r r o r  o f  (5.8).
Body Rad ia t ion  as a Func- Here, va lues  of 
t i o n  of Dis tance  t o  R e f 
e r ence  Frequency vr = 700 
cm-l. 

against d i s t a n c e  from vr i n  r e c i p 
r o c a l  cen t ime te r s  f o r  t h e  two 

carbon d iox ide  bands cen te red  on 15 and 4.3 u m ;  a ( v )  and B ( v )  were 
found f o r  T1  = 280°K and T2 = 240°K, and R e l a t i o n  (5 .8 )  was t e s t e d  
f o r  tempera tures  of  260 and 300OK. Analys is  of F i g s .  5 .2  and 5 . 3  
i n d i c a t e s  t h a t  t h e  e r r o r s  t h a t  r e s u l t  f rom a p p l i c a t i o n  of  (5 .8 )  i n  
not  very wide s p e c t r a l  i n t e r v a l s  a re  s m a l l .  

2 .  Another method o f  approximate allowance for t h e  f requency
dependence of  t h e  Planck f u n c t i o n  c o n s i s t s  i n  reducing  a l l  i n t e n 
s i t i e s  t o  a s i n g l e  f requency [ g ] .  I n  t h i s  ca se ,  t h e  b r i g h t n e s s  /247 
tempera ture  i s  found f o r  each J ( v i )  from the  r e l a t i o n  

Then t h e  Planck formula ( l . l l a )  i s  used t o  f i n d  the  r a d i a n t  
i n t e n s i t y  cor responding  t o  t h i s  r a d i a t i o n  tempera ture  f o r  t h e  
r e f e r e n c e  frequency vr .  T h e  more exac t  r e l a t i o n  /248 

J "r (4=B 1%3 GLI +7(4. (5 .10)  



i s  sometimes used here;  y ( v )  i s  a n  e m p i r i c a l  c o r r e c t i o n  f a c t o r ,  
e . g . ,  t h a t  ob ta ined  i n  [91  f o r  measurements i n  t h e  15-pm CO2 band. 

TABLE 5.2.  ERRORS ASSOCIATED WITH REDUCTIONOF 
RADIANT INTENSITIES TO vr = 7 0 0  em" 

-
Center of Errors from use f (5.10) for various profiles, [SI,ergjcm-2.sec-1[-~;;1)il 
frequency

interval, Average


cm-1 

'GG9 0.116 0,11 0,08 0,12 0.10 

G77,5 0,07 0.04 0,02 0,02 0,03 
G'J 1 0,m 0.02 0.01 0.01 0.01 
637 0,Ol 0,Oo 0.01 0,Oo 0.01 
703 -0.01 -0,Ol -0,Ol -0,Ol 9.00 
709 4 , 0 7  -0.05 4 , 0 3  4 , O l  4.04 
743 -03 4 , 2 8  -0,24 -0,lO -0.23 

Key West Little Rock Seattle Churchill error 
.-

I I I I 

Tab le  5 . 2  l i s t s  e r r o r s  r e s u l t i n g  from the  use  of (5 .10)  and 
va lues  of y ( v )  f o r  a number of s p e c t r a l  i n t e r v a l s  i n  t h e  15-pm
band. A s  w e  see, t he  c o r r e c t i n g  term y ( v )  i s  s m a l l ,  s o  t h a t  w e  
can s e t  y ( v )  = 0 i n  Express ion  ( 5 . 1 0 ) .  Furthermore - and t h i s  i s  
most impor tan t  - t h e  mean e r r o r  o f  r educ ing  t h e  r a d i a t i o n  t o  t h e  
frequency vr = T O O  cm-' when (5 .10 )  i s  used i s  smaller t h a n  0.06% 
of  the r a d i a t i o n  v a l u e s  for t h e  e n t i r e  band a t  X = 15 pm. 

3. Another method o f  a l lowing  f o r  t h e  frequency dependence
o f  the Planck f u n c t i o n  f o r  use i n  t h e  carbon d iox ide  band a t  X = 
= 4.3 pm was proposed i n  [lo]. For t h i s  range of t he  spectrum, 
w e  can wr i t e  

where 6 ( v ,  T )  - O(1). 

A s  w e  see from R e l a t i o n  (5.11), t h e  tempera ture  dependence 
i s  expressed  i n  t h e  form e-bv/T. L e t  u s  approximate t h e  argument

of t he  exponent bv/T w i t h  t h e  expres s ion  c1 + c2v + (cs/T) and 

f i n d  the c o e f f i c i e n t s  c

j 
f o r  t h e  optimum root-mean-square r e p r e - /249 


s e n t a t i o n  of  bv/T w i t h i n  an  a s s i g n e d  narrow range of  v a r i a t i o n  of 

v and T ,  i . e . ,  l e t  us  r e q u i r e  t ha t  


v *  T'-.;-$ [ ~ - ~ ~ - ~ ~ v - - ~ ~ - ] ~ d T d v = O ,  ( 5 . 1 2 )d bv 
j = I .  2, 3. 
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The l i m i t s  o f  i n t e g r a t i o n  depend on t h e  frequency i n t e r v a l  
used i n  s o l v i n g  the  problem and t h e  range  of  tempera ture  Varia
t i o n  observed i n  t he  atmosphere.  S o l u t i o n  of the  three-equat ion  
system ( 5 . 1 2 )  y i e l d s  t h e  fo l lowing  expres s ions  f o r  t h e  c o e f f i 
c i e n t s  c3: 

Thus, t h e  f u n c t i o n  X(T)  can be w r i t t e n  

and Re la t ion  (5 .11 )  

where the  dependence o f  t h e  f u n c t i o n  X ( T )  on tempera ture  i s  
s e v e r a l  o r d e r s  greater  t h a n  the  T-dependence of  t he  second mul t i 
p l i e r  i n  (5 .15 )  f o r  t h e  4.3-pm r e g i o n  of t h e  spectrum. 

F i n a l l y ,  w e  n o t e  t h a t  s o l u t i o n  of  t he  microwave thermal 
sounding problem does n o t  i nvo lve  the  use  o f  these approximate
methods, s i n c e  t h e  Rayleigh-Jeans approximation f o r  t h e  Planck 
black-body-radiat ion f u n c t i o n  i s  s a t i s f i e d  h igh ly  a c c u r a t e l y  i n  
t h i s  r e g i o n  of  t h e  spectrum a t  t h e  tempera tures  observed i n  t h e  
ea r th ' s  atmosphere.  

I n  a number of s t a t i s t i c a l  methods of  s o l v i n g  t h e  thermal-
sounding problem [ l l - l 3 ] ,  and i n  R .  McClatchey's method [llrl, t h e  
d e v i a t i o n s  of tempera ture  from a c e r t a i n  a s s igned  tempera ture
p r o f i l e  are t h e  unknown f u n c t i o n .  I n  s t a t i s t i c a l  methods, t h i s  
p r o f i l e  i s  the  mean tempera ture  d i s t r i b u t i o n .  I n  view of t he  
f a c t  t h a t  t h e  T ' ,  t h e  random v a r i a t i o n s  o f  t he  tempera ture  pro
f i l e ,  are s u b s t a n t i a l l y  smaller i n  magnitude t h a n  t h e  mean t e m 
p e r a t u r e s  r, w e  can d e r i v e  t h e  fo l lowing  expres s ions  f o r  f ( x ) ,  
$(Y), and K(x, Y )  [111: 

-
f (v) 7--=J (v) - J (v), 

'3 ( A=T' (PI. 

/250 
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(5 .16)
(Cont Id. ) 

where r ( v )  i s  the  r a d i a n t  i n t e n s i t y  cor responding  t o  the  mean t e m 
p e r a t u r e  p r o f i l e .  

A problem t h a t  arises i n  a l l  methods f o r  i n t e r p r e t i n g  radia
t i o n  data i s  t h a t  o f  a l lowing  f o r  t h e  term o u t s i d e  t h e  i n t e g r a l
i n  ( 5 . 6 ) .  F i r s t ,  t h i s  t e r m  can b e  reduced t o  ze ro  by s p e c i a l
s e l e c t i o n  of  s p e c t r a l  i n t e r v a l s .  T h i s  a p p l i e s  i n  t h o s e  cases  i n  
which PAY(po)= 0 f o r  a l l  of the  i n t e r v a l s  cons ide red ,  i . e . ,  t h e  
under ly ing-sur face  r a d i a t i o n  does not  r e a c h  t h e  l e v e l  of t h e  
r a d i a t i o n  measurement. However, i t  must be  noted  tha t  t h e  t e r m  
o u t s i d e  t h e  i n t e g r a l  i n  ( 5 . 6 )  w i l l  b e  governed by cloud emission 
when clouds a r e  p r e s e n t .  Another method of handl ing  the  t e r m  
o u t s i d e  t h e  i n t e g r a l  i s  t o  e l i m i n a t e  i t  when t h e  underlying-sur
f a c e  tempera ture  and. t h e  ground-level  p r e s s u r e  are known from 
independent  measurements. F i n a l l y ,  t h e  term can be  brought  under 
t h e  i n t e g r a l  s i g n  i n  ( 5 . 6 )  by ex tending  t h e  atmosphere " f i c t i v e l y "  
t o  t h e  P O  l e v e l .  

A s  w e  no ted  above, measurements of  thermal  r a d i a t i o n  w i t h  
t h e  o b j e c t  of a c q u i r i n g  q u a n t i t a t i v e  in fo rma t ion  on t h e  atm0.s
p h e r e ' s  t empera ture  p r o f i l e  must be  made i n  t h e  a b s o r p t i o n  bands 
of t hose  gases  whose d i s t r i b u t i o n s  remain c o n s t a n t  i n  t i m e .  A s  a 
r e s u l t ,  t h ree  r e g i o n s  of t h e  spectrum are p r e s e n t l y  i n  use for 
purposes  of thermal sounding:  r e g i o n s  occupied by the  a b s o r p t i o n
bands of carbon d iox ide  a t  X = 4.3 and X = 15 pm and t h e  r e g i o n
around X z 5 mm, where oxygen a b s o r p t i o n  i s  observed.  S e l e c t i o n  
of t h e  optimum s p e c t r a l  r e g i o n  i s  a complex problem and has  not  
y e t  found i t s  f i n a l  s o l u t i o n .  L e t  us d i s c u s s  c e r t a i n  g e n e r a l  ad
vantages  and d isadvantages  o f  v a r i o u s  r eg ions  of t h e  spectrum. 

The carbon d iox ide  band a t  4 . 3  pm l i e s  i n  t he  s p e c t r a l  r e g i o n
i n  which black-body r a d i a t i o n  depends s t r o n g l y  on tempera ture  a t  
the  tempera tures  encountered i n  t h e  atmosphere.  A s  a consequence, /251
l a r g e  changes i n  t h e  r a d i a t i o n  v a l u e s  correspond t o  small changes
i n  t h e  tempera ture  of t h e  r a d i a t i n g  medium. Other  c o n d i t i o n s  t h e  
same, t h i s  enab le s  us  t o  determine tempera ture  from t h e  Planck 
f u n c t i o n  By  ( y )  more a c c u r a t e l y  t h a n  f o r  longer-wave r eg ions  of 

r 
the spectrum, where . the  B ( T )  dependence i s  cons ide rab ly  weaker. 
On t h e  o t h e r  hand, t h i s  f e a t u r e  of t h e  n e a r  i n f r a r e d  g i v e s  r i s e  t o  
c e r t a i n  exper imenta l  d i f f i c u l t i e s  - it  i s  d i f f i c u l t  to measure 
w i t h  c o n s i s t e n t  r e l a t i v e  e r r o r s  a q u a n t i t y  t h a t  v a r i e s  through
approximately two o r d e r s  w i t h i n  t h e  s p e c t r a l  r e g i o n  under consid
e r a t i o n .  Another consequence of t h e  same p rope r ty  i s  t ha t  t h e  
amount of r a d i a t i o n  a r r i v i n g  a t  t h e  r e g i s t r a t i o n  l e v e l  from var 
i o u s  h e i g h t s  i n  t h e  atmosphere depends no t  only on t h e  form of the  
weight ing  f u n c t i o n s  ( t h o s e  given,  f o r  example, i n  F ig .  5.11, bu t  
a l s o  q u i t e  s t r o n g l y  on t h e  tempera ture  p r o f i l e  o f  t h e  atmosphere 
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i t s e l f .  F igu re  5.4 shows t h e  convent iona l  weight ing f u n c t i o n s  
dP 

a n p  a 
and Fig .  5 .5  the  f u n c t i o n s  ____ B ,  which c h a r a c t e r i z e  t h ed l n p  

c o n t r i b u t i o n s  of v a r i o u s  l e v e l s  i n  t h e  atmosphere t o  the  outgoing
r a d i a t i o n .  The curves  were p l o t t e d  f o r  a number of s p e c t r a l  i n 
t e r v a l s  20 cm-' wide i n  t he  COZ band a t  X = 4.3 p m  f o r  t he  f o l 
lowing t o t a l  c o n t e n t s  of the  absorb ing  subs t ances :  256 cm-atm of 
C O Z ,  0 . 2 2  cm-atm o f  N202, 0.06 cm-atm of  C O ,  and 1.94 cm of p re 
c i p i t a t e d  water f o r  H20. Comparison of t h e  f i g u r e s  shows tha t  
c o n s i d e r a t i o n  o f  B, r e s u l t s  i n  a s u b s t a n t i a l  change i n  t he  form 
of the  cor responding  f u n c t i o n s .  The e f f e c t  o f  the  Planck func
t i o n  i s  t o  narrow t h e  weight ing  f u n c t i o n s  i n  t h e  lower l a y e r s  of 
t h e  atmosphere and t o  change completely the  form o f  the  f u n c t i o n  

d pdlnp  i n  t he  upper l a y e r s .  

D. mbar 

0 O P  0.4 0,8 l,OldP/dtnp]S 

dP
Figure  5.4.  Kernels  of F igu re  5.5.  Kernels  T '  
I n t e g r a l  Equat ion ( 5.6 1 o f  I n t e g r a l  Equat ion ( 5 . 6 )f o r  a S e r i e s  of  S p e c t r a l  f o r  a S e r i e s  of S p e c t r a lI n t e r v a l s  i n  the  C O 2  Band 1n te . rva l s  i n  t h e  C 0 2  Banda t  X = 4.3 pm. a t  X = 4.3 pm.  For l egend,

I )  v-23m cx-l. 1) v-2340 cIl-1. 3) v

- P I 5  CY-1. I )  V - m  CY-1.5) V-!&?75 CY-'. see F i g .  5 .4 .  

6)  	v-2255 CY-' 7) v-2235 cu-l. 8 )  v

~ 2 2 1 5CY-). 

The b a s i c  d isadvantage  of t h e  nea r  i n f r a r e d  i s  the  d i f f i c u l t y
of  u s ing  i t  i n  the daytime. As w e  no ted  i n  Chapter 1, t h e  s c a t 
tered s o l a r  r a d i a t i o n  makes a s i g n i f i c a n t  c o n t r i b u t i o n  t o  the  out
going r a d i a t i o n  i n  t h e  4-5-pm band under c e r t a i n  c o n d i t i o n s  ( f o r  
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example, c l o u d i n e s s ) ,  and t h i s  g r e a t l y  compl ica tes  t h e  problem of fie x t r a c t i n g  i n f o r m a t i o n  on the  t empera tu re  p r o f i l e  from outgoing- 1r a d i a t i o n  measurements. The r eg ions  of t h e  15-pm COS band and the  s. 
5-mm 02 band, i n  which t h e  outgoing  r a d i a t i o n  i s  determined a t  any
t i m e  of day by t h e  i n t r i n s i c  emiss ion  o f  t he  ear th-atmosphere 
system, are more s u i t a b l e  from t h i s  v iewpoin t .  The microwave 
r e g i o n  i s  s t i l l  a t t r a c t i v e  i n  connec t ion  w i t h  t h e  p o s s i b i l i t y  i n  
p r i n c i p l e  of s e n s i n g  t h e  a tmospher ic  l a y e r s  below c louds ;  t h i s  i s  
because of t h e  h igh  p e n e t r a t i n g  power of r a d i a t i o n  I n  t h i s  band. 
Moreover, t he  r e s o l u t i o n  p r e s e n t l y  a t t a i n a b l e  i n  t he  microwave 1 2 5 3
r e g i o n  enab le s  us t o  sound t h e  atmosphere t o  a l t i t u d e s  o f  about  
75 km [3, 1321, whi le  t h e  upper sounding l e v e l  i s  no h i g h e r  t h a n  
50 km when t h e  i n f r a r e d  i s  used,  and most of the  i n s t r u m e n t s  t ha t  
have been developed are capable  of d e l i v e r i n g  i n f o r m a t i o n  only on 
the lgwermost l a y e r  of t he  atmosphere,  up t o  30 k m .  

The 15-pm r e g i o n  i s  most s u i t a b l e  from t h e  s t a n d p o i n t  of 
energy c o n s i d e r a t i o n s  because t h e  atmosphere’s  i n t r i n s i c - e m i s s i o n  
maximum i s  observed i n  t h i s  r e g i o n  a t  a tmospher ic  tempera tures .
Now, however, r a d i a t i o n  d e t e c t o r s  t h a t  permi t  measurement of t h e  
thermal r a d i a t i o n  w i t h  approximate ly  t h e  same accuracy  have been 
developed f o r  a l l  of t h e  s p e c t r a l  r e g i o n s  i n  which we are i n t e r 
ested.  

The p o s s i b i l i t i e s  f o r  use of a l l  of these r e g i o n s  o f  t h e  
spectrum f o r  purposes  o f  thermal sounding are c u r r e n t l y  under 
b o t h  t h e o r e t i c a l  and exper imenta l  i n v e s t i g a t i o n .  The  p o s s i b i l i t y
t h a t  it may be necessa ry  t o  use measurements i n  a v a r i e t y  of ab
s o r p t i o n  bands i s  not  exc luded .  However, r e s o l u t i o n  of t h i s  ques
t i o n  must be  based on a n a l y s i s  of t h e  i n f o r m a t i o n  c o n t e n t  of data 
measured i n  v a r i o u s  p a r t s  of t h e  spectrum. 

We no te  i n  conc lus ion  t h a t  ou r  Express ion  ( 5 . 6 )  p e r t a i n s  t o  
the rma l  r a d i a n t  i n t e n s i t y .  On the  o t h e r  hand, r e a l  i n s t rumen t s  
measure r a d i a n t  f l u x e s  i n  f i n i t e  s p e c t r a l  and a n g l e  i n t e r v a l s .  
N a t u r a l l y ,  t h i s  p r o p e r t y  must be t aken  i n t o  account  i n  i n t e r p r e t 
i n g  r ea l  measured data.  Genera l ly  speaking ,  t h e  frequency- and 
a n g u l a r - s e n s i t i v i t y  c h a r a c t e r i s t i c s  of t h e  measuring in s t rumen t s  
must be known. I f  they  a re ,  no p a r t i c u l a r  d i f f i c u l t y  i s  encount
ered i n  i n t r o d u c i n g  them i n t o  t h e  cor responding  e x p r e s s i o n s .  Let  
us i l l u s t r a t e  t h i s ,  r e f e r r i n g  t o  t h e  s p e c t r a l  s e n s i t i v i t y  of an 
in s t rumen t  by way of example. The r a d i a t i o n  r e g i s t e r e d  i n  an 
i n t e r v a l  Av i s  r e l a t e d  t o  t h e  t r u e  s p e c t r a l  d i s t r i b u t i o n  o f  t h e  
r a d i a t i o n  as fo l lows  : 

- A. 
v - t -

J S r  (i)--= 1 7 ( v  ;> J (v) dv. (5 .17 )  
v - 

2 

Applying (5 .6 )  f o r  J ( v )  and remembering t h a t  c u r r e n t  i n s t r u 
ments for thermal sounding have q u i t e  h igh  r e s o l u t i o n s ,  w e  r e p l a c e  
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t h e  Planck f u n c t i o n  B ( v )  by i t s  average v a l u e  i n  t he  i n t e r v a l  Av 
t o  o b t a i n  the  e x p r e s s i o n  

Y I  

J, ,  (4r .  : J n; IT ()')I K' (i )'I dY +R; IT (y,)] P' 6, yo). 
where YO 

i s  the  d e r i v a t i v e  of  t h e  t r a n s m i s s i o n  f u n c t i o n  and 
-	 d v.+r 

P ' ( i  yo)- j y ( y - ; ) P ( Y ,  yo)&-	 dv 
v - 

2 . 

i s  the  t r a n s m i s s i o n  f u n c t i o n  f o r  the  s p e c i f i c  measuring in s t rumen t  
i n  frequency band Av. 

A s  w e  e o i n t e d  ou t  above, t h e  i n f l u e n c e  of t h e  i n s t r u m e n t a l  
f u n c t i d n  @ ( v ' - v )  i s  s m a l l  under c e r t a i n  c o n d i t i o n s ,  enab l ing  us  
t o  use  t h e  t r a n s m i s s i o n  f u n c t i o n  uncor rec t ed  f o r  4 ( v  - V )  i n  
f i r s t  approximation.  

I n  p r i n c i p l e ,  t h e  a n g u l a r  dependence of ins t rument  s e n s i 
t i v i t y  can be  t a k e n  i n t o  account  i n  t h e  same way. However, be
cause of t h e  r e l a t i v e l y  h igh  a n g u l a r  r e s o l u t i o n  of the i n s t r u m e n t s  
and the h igh  i s o t r o p y  of t h e  outgoing  thermal  r a d i a t i o n  under 
c loudless-atmosphere c o n d i t i o n s ,  t h i s  i s  not  u s u a l l y  done. Radia
t i o n  measured under pa r t ly -c loudy  c o n d i t i o n s ,  e s p e c i a l l y  i n  the  
r e l a t i v e l y  t r a n s p a r e n t  ranges  w i l l  be  s u b s t a n t i a l l y  n o n i s o t r o p i c ,
and t h e  a n g l e  dependence of i n s t rumen t  s e n s i t i v i t y  may i n f l u e n c e  
t h e  r e g i s t e r e d  r a d i a t i o n  q u i t e  cons ide rab ly .  

s2. MATHEMATICAL ASPECTS O F  S O L U T I O N  O F  THE INVERSE PROBLEMS 

From t h e  mathemat ica l  s t a n d p o i n t ,  t h e  thermal-sounding prob
l e m  reduces  t o  s o l u t i o n  of  a Predholm i n t e g r a l  equa t ion  of t h e  
f i r s t  k ind .  Many o t h e r  i n v e r s e  problems of  a tmospher ic  o p t i c s  can 
a l s o  be  reduced  t o  such e q u a t i o n s ,  i n c l u d i n g  t h e  problem t o  be 
cons idered  i n  t h e  nex t  c h a p t e r  - t h a t  of  r e c o n s t r u c t i n g  atmos
p h e r i c  humidi ty .  

It i s  necessary  t o  d w e l l  i n  somewhat g r e a t e r  d e t a i l  on a 
number o f  fundamental  a s p e c t s  of t he  mathematical  methods used 
t o  s o l v e  these i n t e g r a l  e q u a t i o n s .  T h i s  i s  the  more necessa ry
s i n c e ,  d e s p i t e  numerous s p e c i f i c  f e a t u r e s  of t h e  v a r i o u s  i n v e r s e  
a tmospher ic -opt ics  problems,  t h e y  have no t  only formal  s i m i l a r i t y ,
bu t  a l s o  c l o s e l y  similar k e r n e l s  f o r  t h e  r e s p e c t i v e  i n t e g r a l  



e q u a t i o n s .  T h i s  g i v e s  r i s e  t o  t he  hope t h a t  a number o f  n u m e r i c a l  
s o l u t i o n  methods t ha t  have been used  s u c c e s s f u l l y  i n  t h e  thermal- /255 
sound ing  p rob lem may a l s o  be u s e f u l  i n  s o l v i n g  o t h e r  i n v e r s e  prob
lems. T h i s  s i m i l a r i t y  of  t h e  k e r n e l s  can be i l l u s t r a t e d  by r e f 
e r e n c e  to F i g s .  5 . 1  a n d  6 .5 ,  which show k e r n e l s  e n c o u n t e r e d  i n  
problems o f  thermal sound ing  and a tmosphe r i c -humid i ty  r e c o n s t r u c 
t i o n .  

The problem of  s o l v i n g  t h e  Fredholm i n t e g r a l  e q u a t i o n  of  t h e  
f irst  k i n d  

b 

i s  one o f  t h e  i n v e r s e  problems o f  m a t h e m a t i c a l  p h y s i c s .  The b a s i c  
r e q u i r e m e n t s  made of t h e  f o r m u l a t i o n  and  s o l u t i o n  of ma themat i ca l -
p h y s i c s  problems were s ta ted by Hadamard ( s e e  [15] )  i n  h i s  d e f i n i 
t i o n  of c o r r e c t n e s s .  

D e f i n i t i o n  1 .  L e t  9 and F b e  comple t e  m e t r i c  s p a c e s ,  and  l e t  
A be. a c e r t a i n  o p e r a t o r  w i t h  a r e g i o n  o f  d e f i n i t i o n  9 and a r e g i o n
of v a l u e s  F. Cons ide r  t h e  e q u a t i o n  

Ay = f ,  ( 5 . 1 9 )  

i n  which i t  is n e c e s s a r y  t o  f i n d  a so lu t ioncpE  @ f r o m  a n  a s s i g n e d  
f u n c t i o n  f e F .  We s h a l l  assume t h a t  Problem (5 .19 )  i s  c o r r e c t l y
stated i f  t he  f o l l o w i n g  c o n d i t i o n s  are sa t i s f ied :  

1) a s o l u t i o n  0 e x i s t s  f o r  any ~ E F ,  

2 )  t h e  s o l u t i o n  0 i s  un ique  i n  r e g i o n  9,  and 

3 )  t h e  s o l u t i o n  0 i s  a con t inuous  f u n c t i o n  of f E F .  

Thus,  Problem ( 5 . 1 9 )  i s  c o r r e c t l y  s ta ted  i f  there  e x i s t s  a n  
o p e r a t o r  B ( f )  t h a t  is d e f i n e d  and con t inuous  on a l l  F and  the  i n 
v e r s e  o f  o p e r a t o r  A. The f i rs t  c o r r e c t n e s s  r e q u i r e m e n t  r e s u l t s  
f rom t h e  need  t o  a v o i d  o v e r d e f i n i t i o n  i n  t h e  problem ( t h e  p r e s e n c e  
of " e x t r a  c o n d i t i o n s " ) .  The second  r e q u i r e m e n t  e x c l u d e s  ambigu i ty  
i n  t he  s o l u t i o n ,  and the  t h i r d  ar ises  o u t  o f  t h e  f a c t  tha t  t he  
r i g h t  member of (5 .19 )  i s  known on t h e  basis of  measurements  made 
w i t h  t h e  s p e c i f i c  i n s t r u m e n t ,  i . e . ,  w i t h  a c e r t a i n  e r r o r ,  when 
real  problems are s o l v e d .  Consequen t ly ,  s a t s i f a c t i o n  of t h i s  con
d i t i o n  g u a r a n t e e s  p r o x i m i t y  of  a s o l u t i o n  o b t a i n e d  from approx i 
mate v a l u e s  of t h e  r i g h t  s ide  of (5 .19 )  t o  t h e  t r u e  s o l u t i o n .  

S a t i s f a c t i o n  of t h e  f i r s t  two c o r r e c t n e s s  r e q u i r e m e n t s  and 
n o n s a t i s f a c t i o n  of t h e  t h i r d  i s  t h e  u s u a l  s i t u a t i o n  f o r  t h e  i n 
v e r s e  problems o f  m a t h e m a t i c a l  p h y s i c s .  A s  w e  s h a l l  show below, 
t h e  s i t u a t i o n  i s  t h e  same w i t h  Problem (5 .18) .  



To r e n d e r  c o r r e c t  a problem for which t h e  r equ i r emen t  of i n 
v e r s e - o p e r a t o r  c o n t i n u i t y  i s  n o t  s a t i s f i ed ,  w e  might  i n t r o d u c e  a 
s u f f i c i e n t l y  l l s t r o n g l l  norm i n  s p a c e  F o r  a s u f f i c i e n t l y  "weak" 
norm i n  s p a c e  a .  However, these approaches  have t h e  f o l l o w i n g  1 2 5 6  
d i s a d v a n t a g e s :  i n  the  fo rmer  case, t h e  s t a t e m e n t  does n o t  cover  
t h o s e  problems i n  which t h e  e r r o r s  can be r e g a r d e d  as small on ly
i n  t h e  u s u a l  norm of s p a c e  F ( b u t  n o t  i n  t h e  " s t r o n g "  o n e ) ;  i n  
t he  l a t t e r  c a s e ,  f u n c t i o n s  t h a t  do n o t  co r re spond  to p h y s i c a l
r e a l i t y  may be s o l u t i o n s  of t h e  problem.  

A.N.  Tikhonov [Tychonoff ]  o f f e r e d  a n o t h e r  d e f i n i t i o n  of c o r 
r e c t n e s s  t ha t  makes i t  p o s s i b l e  to approach  t h e  c o r r e c t n e s s  p rob
l e m  from new a s p e c t s  and g e n e r a l i z e s  on Hadamardls d e f i n i t i o n  [15]. 

D e f i n i t i o n  2 .  L e t  there  be  g i v e n ,  i n  a d d i t i o n  to t h e  s p a c e s
F and and  o p e r a t o r  A ,  a c e r t a i n  c l o s e d  s p a c e  MCm. We s h a l l  
c a l l  Problem ( 5 . 1 9 )  Tikhonov c o r r e c t  if t h e  f o l l o w i n g  c o n d i t i o n s  
are s a t i s f i ed :  

1) it  i s  known a p r i o r i  t h a t  a s o l u t i o n  4 e x i s t s  f o r  a c e r 
t a i n  c l a s s  of  data and b e l o n g s  to t h e  a s s i g n e d  s e t  MCO; 

2) the  s o l u t i o n  i s  unique  i n  t h e  c l a s s  of f u n c t i o n s  M ;  

3) i n f i n i t e s i m a l l y  small  v a r i a t i o n s  of t h e  s o l u t i o n  4 c o r r e 
spond to i n f i n i t e s i m a l  v a r i a t i o n s  of f tha t  do n o t  d r i v e  t h e  s o l u 
t i o n  Ip beyond t h e  l i m i t s  of M. Denotrng MA = A ( M ) ,  w e  can formu
l a t e  the t h i r d  c o n d i t i o n  as f o l l o w s .  

The s o l u t i o n  of ( 5 . 1 9 )  depends c o n t i n u o u s l y  on t h e  r i g h t
member -f on MA. The need  t o  c o n s i d e r  t h e  s p a c e s  @ and F a l o n g  
w i t h  M and MA arises o u t  of t h e  f a c t  t h a t  t h e  e r r o r s  i n  de t e rmin 
i n g  t h e  r i g h t  m e m b e r  f i n  r e a l  problems u s u a l l y  take the  s o l u t i o n  
beyond t h e  l i m i t s  o f  HA. Examinat ion  of  t h e  problem i n  T ikhonov ' s  
f o r m u l a t i o n  (assuming t ha t  f E M A ,  and,  c o n s e q u e n t l y ,  cpE M) e n a b l e s  
us  to c o n s t r u c t  approx ima te  s o l u t i o n s  w i t h  a c e r t a i n  g u a r a n t e e d  
accu racy  d e s p i t e  t he  f a c t  t ha t  t he  s o l u t i o n  of Problem (5.19) w i t h  
app rox ima te  data e i t h e r  does  n o t  e x i s t  a t  a l l  or d e v i a t e s  s h a r p l y
from t h e  t r u e  s o l u t i o n .  

It i s  found tha t  t he  compactness  of s e t  M i n  s p a c e  CP e n a b l e s  
us  to a f f i r m  Tikhonov c o r r e c t n e s s .  This f o l l o w s  f r o m  t h e  fo l low
i n g  theorem.  

Theorem - - -.__ 1.- -( C o n t i n u i t y  of i n v e r s e  mapping) .  L e t  a c e r t a i n  
m e t r i c  s p a c e  M be mapped c o n t i n u o u s l y  and one-to-one o n t o  a n o t h e r  
m e t r i c  s p a c e  N ( A : M  + N ) .  Then i f  s p a c e  M i s  compact ,  the i n 
v e r s e  mapping A-':N + M i s  a l s o  c o n t i n u o u s .  

Using t h i s  i m p o r t a n t  f a c t ,  V.K. Ivanov [ I 6 1  i n t r o d u c e d  t h e  
n o t i o n  of the q u a s i s o l u t i o n  of Problem (5 .19 ) .  L e t  there  be g i v e n  



i n  a d d i t i o n  t o  t h e  p r i n c i p a l  s p a c e s  F and (9 and t h e  o p e r a t o r  A, 

a compact s e t  M. Then the  e l emen t  ;� M, which i s  d e f i n e d  by t h e  
e q u a l i t y  ~ ( A r i ,f)=1ninP(A% f )  (P i s  t h e  m e t r i c  i n  s p a c e  F ) ,  i s  said t o  

9 cru 
b e  a a u a s i s o l u t i o n  of Problem (5 .19) .  It i s  n o t  assumed here t h a t  
f E  MA.-I n  p r a c t i c e ,  a number o f - d i f f i c u l t i e s  are e n c o u n t e r e d  i n  1 2 5 7
f i n d i n g  q u a s i s o l u t i o n s  - p r i m a r i l y  i n  i s o l a t i n g  t h e  " n e c e s s a r y "  
compactum M .  

The most g e n e r a l  approach  to s o l u t i o n  of n o n c o r r e c t  problems
o f  ma themat i ca l  p h y s i c s  w a s  f o r m u l a t e d  by A . N .  Tikhonov i n  t h e  
concept  o f  t h e  r e g u l a r i z e r .  

D e f i n i t i o n  3 .  Fol lowing  A . N .  Tikhonov [18],  w e  s h a l l  s a y
t h a t  any s i n g l e - p a r a m e t e r  f a m i l y  of  o p e r a t o r s  (Ba}a,o w i t h  a defi

n i t i o n  r e g i o n  F and a r e g i o n  of v a l u e s  @ i s  a r e g u l a r i z e r  o f  
Problem (5 .19 )  i f  these  r e g i o n s  m e t  t h e  f o l l o w i n g  c o n d i t i o n s :  

1) f o r  any a > 0 ,  Ba i s  d e f i n e d  and c o n t i n u o u s  i n  s p a c e  F ,  
and 

The problem i s  c o n s i d e r e d  r e g u l a r i z a b l e  i f  t he re  e x i s t s  a t  
least  one r e g u l a r i z e r .  The e x i s t e n c e  o f  a r e g u l a r i z e r  makes i t  
p o s s i b l e  t o  c o n s t r u c t  a s o l u t i o n  w i t h  a c e r t a i n  g u a r a n t e e d  ac
cu racy  f rom a n  approx ima te  v a l u e  o f  t h e  r i g h t  m e m b e r  fa:p(f, f b ) ( 6 .  
T h i s  can be de fended  w i t h  t h e  f o l l o w i n g  theorem:  

~~ ~Theorem 2 ( R e g u l a r i z e r  "Theorem). L e t  (Ba},,* be a r e g u l a r i z e r  
o f  Problem ( 5 . 1 9 ) .  L e t  us  assume f u r t h e r  t h a t  t h e  sequence  of ele
ments f n �  F i s  such  t h a t  ~ ( f ,f n ) < 6 n  and 6 n - t O .  Then there  e x i s t s  a 

n+m 

sequence  of numbers a*,-+O, such  t h a t  B* ( f n ) - t 9 .  I n d e e d ,  l e t  <Pt=Bafb, 
a mn+v n+m 

pQ=BaAcp. Then w e  have from t h e  t r i a n g l e  i n e q u a l i t y  

( p  i s  a m e t r i c  i n  s p a c e  a ) .  Then 

where a l ( a )  i s  a f u n c t i o n  c h a r a c t e r i z i n g  t h e  speed of convergence  
o f  &,4~,1-;~~ as & - + 0 ; a 2 ( 6 ~ a )i s  t h e  c o n t i n u i t y  modulus o f  o p e r a t o r  Bc( 

on e lement  A$ f o r  e a c h  a > 0 .  Now l e t  a = a* b e  a r o o t  of t h e  
e q u a t i o n  u;'(a)=u2(6, a); t h e n  



I f  w e  take some sequence  an+O and f i n d  f o r  i t ,  u s i n g  the 
n-co  

above method, t he  sequence  a:, which w i l l  a l s o  o b v i o u s l y  t e n d  to 
z e r o ,  w e  o b t a i n  ,-I(c~,v'' )-to, s i n c e  at(a;,)+O as az-tO. It s h o u l d  be 

4.n 
6, - 0  

n o t e d  tha t  t h e  n o t i o n  of  t h e  r e g u l a r i z a b l e  problem,  a l t h o u g h  more /258
c o n s t r u c t i v e ,  i s  a l s o  more g e n e r a l  t h a n  the n o t i o n  of t h e  Tikho
nov-co r rec t  p roblem.  Indeed ,  i f  w e  take t h e  c o n t r a c t i o n  of  ope ra 
tor
 A'l on s e t  MA as Ba f o r  e a c h  a > 0 ,  w e  r e v e r t  to t h e  n o t i o n  of 
Tikhonov c o r r e c t n e s s .  W e  n o t e  a l s o  t h a t  the  p r o c e s s  of s u c c e s s i v e  
d e t e r m i n a t i o n  o f  q u a s i s o l u t i o n s  i s  t h e  p r o c e s s  o f  r e g u l a r i z a t i o n
of Problem ( 5 . 1 9 ) .  Indeed ,  l e t  { A l a }  (a> 0) be a s i n g l e - p a r a m e t e r
f ami ly  of compacta:  M,,cM,,, (a '<a/ / ) ;  u AI,=@,, and l e t  B, be  a n  oper 

a > O  

a t o r  t h a t  d e f i n e s  a q u a s i s o l u t i o n  on Ma. According  to theorem 1, 
o p e r a t o r  Ba i s  con t inuous  and  d e f i n e d  ove r  t h e  e n t i r e  s p a c e  F .  
Accord ing  to t h e  theorems p roven  by V.K. Ivanov [ l g ] ,  t h e  q u a s i -
s o l u t i o n s  r e d u c e  to t h e  t r u e  s o l u t i o n  of Problem ( 5 . 1 9 )  on un
l i m i t e d  "expans ion"  o f  t h e  compacta Ma. Thus,  t he  v a l u e s  of IBa)
form a r e g u 1 a r i z e . r .  

An i m p o r t a n t  example of t h e  Hadamard- incor rec t  p roblem i s  
the  Fredholm i n t e g r a l  e q u a t i o n  of  t h e  f i r s t  k i n d  (5 .18 ) .  L e t  us 
c o n s i d e r  t h e  n o n c o r r e c t n e s s  o f  t h i s  problem w i t h  r e f e r e n c e  to one 
s i m p l e  example.  L e t  us t ake  t h e  i n t e r v a l  [ O ,  27r] as t h e  i n t e r v a l  
[a, b ] .  L e t  us  assume f u r t h e r  t h a t  the  f u n c t i o n  4 be longs  t o  a 
H i l b e r t  space  L 2 [ 0 ,  27r] and f to t h e  s p a c e  L2[c, d]. We s h a l l  
t h e n  assume t h a t  t h e  f i rs t  two c o r r e c t n e s s  c o n d i t i o n s  are sat is
f i e d  and that  f o r  any f u n c t i o n  f ~ L ~ [ c , - d ]there  e x i s t s  a un ique
s o l u t i o n  f?EL2lO, '2n].  F u r t h e r ,  l e t  t h e  f u n c t i o n  K(x,  y )  b e  d i f fe r 
e n t i a b l e  w i t h  r e s p e c t  t o  and l e t  t h e  d e r i v a t i v e  K'(x, y )  be u n i -Y 
formly bounded: 

L e t  us  c o n s i d e r  t h e  sequence  Cpn(y)= s i n ( n y ) .  The co r re spond
i n g  sequence  of  f n  d e f i n e d  by t h e  e q u a l i t y  

i s  ( f o r  each  f i x e d  &) a s e  quence  o f  F o u r i e r  c o e f f i c i e n t s  ( i n  t h e  
s i n e  expans ion )  of K(x, y )  as a f u n c t i o n  of x. Then, i n  v i r t u e  
o f  C o n d i t i o n  ( 5 . 2 0 ) ,  t h e  sequence  f n ( x )  on [ c ,  d ]  converges  un i 
formly  to z e r o  C171. Q u i te c l e a r l y ,  the  sequence  of 4n does n o t  
converge  to z e r o .  A t  t h e  same t i m e ,  convergence  to z e r o  must ob
t a i n  whenever t h e  i n v e r s e  o f  a g i v e n  o p e r a t o r  i s  c o n t i n u o u s ,  i . e . ,  
whenever t h e  t h i r d  c o r r e c t  n e s s  r e q u i r e m e n t  i s  sa t i s f ied .  It 
s h o u l d  be n o t e d  t h a t  t h e  smoother"  t h e  k e r n e l  K(x, y )  o f  i n t e g r a l  
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e q u a t i o n  (5 .18)  ( i . e . ,  the smaller c i n  (5 .20) ) ,  t h e  more r a p i d l y  
4w i l l  the  f n  converge  t o  z e r o  and, c o n s e q u e n t l y ,  t he  "worse" w i l l  4 

be t he  i n v e r s e  o p e r a t o r  of  t h e  problem. 

I n  [20], A.N.  Tikhonov c o n s t r u c t e d  t h e  r e g u l a r i z e r  {Ba)a>O /255 
o f  Problem (5 .18 ) .  For' e a c h  v a l u e  of  a > 0 ,  Ba i s  a n  o p e r a t o r  

__-

t ha t  t-ransforms t h e  g i v e n  f u n c t i o n  f E F  lF='Lz[c,  d ] )  i n t o  a n  ele
ment e @  ( Q ) = C 3 h  bl),i tha t  r e a l i z e s  t h e  minimum o f  t h e  r e g u l a r i z i n g
f unc tio n a l  

An e x p l i c i t  e x p r e s s i o n  f o r  t h e  o p e r a t o r  Ba can  be o b t a i n e d  
from the E u l e r  e q u a t i o n  of t h e  v a r i a t i o n a l  problem ( 5 . 2 1 )  - W e  
t h e n  have t h e  f o l l o w i n g  improvement o f  Theorem 2 .  

Theorem 2 ' .  If t h e  r e g u l a r i z e r  {Ba) i s  s e l e c t e d  as d e s c r i b e d  

above ,  t h e  sequence  o f  e l e m e n t s  f n  � F, f n - t f  i s  s u c h  t ha t  
d n+oD 

< 6',, 6n;Ov and the  number sequence  an+o a t  speedJ { f n ( ~ ) - f ( ~ ) } 2 d ~  
n e -

C 

&=0(6: ) *w e  nave B,, (fn)+(p.- .  

n 4 m  

I n t r o d u c t i o n  o f  t h e  r e g u l a r i z i n g  f u n c t i o n a l  ( 5 . 2 1 )  a c t u a l l y  
i n t r o d u c e s  a m e t r i c  t h a t  e s s e n t i a l l y  separates "smooth" and "non
smooth" f u n c t i o n s  i n t o  t h e  s p a c e  o f  s o l u t i o n s  @.The second p a r t
o f  t h e  f u n c t i o n a l  ( 5 . 2 1 )  d e t e r m i n e s  t h e  a p r i o r i  "worth" of t h e  
g i v e n  e l emen t  (PE'D:  t h e  smaller t h e  v a l u e  o f  t h e  f u n c t i o n a l  on t h i s  
e l emen t ,  t h e  g r e a t e r  w i l l  be  i t s  a p r i o r i  "wor th ."  We see f rom 
( 5 . 2 1 )  t h a t  p r e f e r e n c e  i s  g i v e n  to smoother  f u n c t i o n s .  T h i s  
g e n e r a l  method o f  r e g u l a r i z i n g  Problem (5 .18 )  and i t s  b a s i c  ideas 
have formed t h e  basis o f  many n u m e r i c a l  methods f o r  s o l u t i o n  o f  
t h i s  problem, which w e  s h a l l  h e n c e f o r t h  c a l l  methods of a-para
m e t r i c  r e g u l a r i z a t i o n .  

The problem o f  thermal  sound ing  of  t h e  a tmosphere  has been  
s o l v e d  by  a wide v a r i e t y  o f  ma themat i ca l  methods.  All of  them 
have  a c t u a l l y  been  d e s i g n e d  f o r  s o l u t i o n  o f  t h e  approx ima t ing  
(Eq. ( 5 . 1 8 ) )  sys tem o f  l i n e a r  a l g e b r a i c  e q u a t i o n s .  L e t  us w r i t e  
t h i s  sys tem i n  t h e  form o f  t h e  e q u a l i t y  

AT ==f* (5.22) 

where A i s  ( i n  t h e  g e n e r a l  c a s e )  a s q u a r e  m a t r i x  o f  d imens ion  mxn 



,hat d e s c r i b e s  t he  t r a n s f o r m a t i o n  of t h e  unknown a t m o s p h e r i c  cha r 
i c t e r i s t i c  + (n-d imens iona l  v e c t o r )  i n t o  t h e  m-dimensional v e c t o r  /260  
7. o f  t h e  measured q u a n t i t y .  The v e c t o r  -f i s  Fhe sum 

2f t h e  t r u e  v a l u e  T of t h e  q u a n t i t y  and t h e  e r r o r  v e c t o r  E ,  which 
B e  sha l l  r e g a r d  as a random v e c t o r  whose u n c o r r e l a t e d  components
Ire norma l ly  d i s t r i b u t e d  w i t h  z e r o  mean and  a v a r i a n c e  u2. To-
;ether w i t h  Eq. (5 .22) ,  w e  sha l l  examine t h e  " u n d i s t u r b e d "  prob
l e m  ( sys t em)  

Detai led a n a l y s i s  of t h e  v a r i o u s  methods and comparisons 
a r i t h  t h e  g e n e r a l  m a t h e m a t i c a l  n o t i o n  of t h e  (Tikhonov) r e g u l a r 
t z e r  leads us  to t h e  c o n c l u s i o n  t h a t  t h e  s o l u t i o n  of Problem 
(5.18)  i n  c o n n e c t i o n  w i t h  t h e  p r e s e n t  problem must i n c o r p o r a t e
ihree b a s i c  e l e m e n t s  [ g o ] :  

1) mathemat i ca l  i n t r o d u c t i o n  of  a p r i o r i  i n f o r m a t i o n  on t h e  
3 o l u t i o n ;  

2 )  s e l e c t i o n  o f  optimum c o n d i t i o n s  for measurements of t h e  
? u n c t i o n  f ;  

3 )  a s t a b l e  s o l u t i o n  of t h e  a l g e b r a i c - e q u a t i o n  sys t em,  ob-
Lained on  t h e  basis of completed f i rs t  and second s t e p s .  

The need t o  i n t r o d u c e  a p r i o r i  i n f o r m a t i o n  on t h e  s o l u t i o n  
r e s u l t s  from t h e  f a c t  t h a t  w i t h i n  a s m a l l  r a n g e  of e r r o r  f n  as
signment  of t h e  f u n c t i o n  c, t h e r e  e x i s t s  a n  i n f i n i t e  se t  of s o l u -
Lions of t h e  s t a r t i n g  i n t e g r a l  e q u a t i o n  (5.18) and t h e  approx i 
r ia t ing sys tem o f  a l g e b r a i c  e q u a t i o n s  ( 5 . 2 2 ) ,  which have wide ly  
v a r y i n g  s t r u c t u r e s  and d i f f e r  s t r o n g l y  i n  t h e  c o r r e s p o n d i n g
i l e t r i c s  of t h e  s o l u t i o n  s p a c e s .  

The  impor t ance  of  optimum s e l e c t i o n  of measurement c o n d i t i o n s  
for t h e  f u n c t i o n  f p r o c e e d s  f rom t e c h n i c a l  l i m i t a t i o n s  on t h e  
I joss ib le  number 07measurements and t h e  s u b s t a n t i a l  mu tua l  co r 
r - e l a t i o n  o f  e r r o r - b u r d e n e d  measurements of f i n  d i f f e r e n t  spec 
t r a l  i n t e r v a l s .  

T h e  d e r i v e d  a l g e b r a i c - e q u a t i o n  sys t em i s  o f t e n  n o t  on ly  
g o o r l y  grounded (as a r e s u l t  o f  n o n c o r r e c t n e s s ) ,  b u t  a l s o  o f t e n  
i n d e t e r m i n a t e  ( t h e  number o f  e q u a t i o n s  does  n o t  agree w i t h  t h e  
number of unknowns). To s o l v e  t h i s  sys t em,  t h e r e f o r e ,  i t  i s  
n e c e s s a r y  to app ly  s t a b i l i z i n g  methods t ha t  take  account  of 2 
p r i o r i  i n f o r m a t i o n  on t h e  unknown f u n c t i o n  9.  

A p r i o r i  h y p o t h e s e s  as to t h e  unknown f u n c t i o n  9 may be 
e i t h e r  q u i t e  g e n e r a l  i n  n a t u r e  (boundedness ,  smoo thness ) ,  or q u i t e  
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s p e c i f i c  ( p r o p e r t y  o f  b e l o n g i n g  t o  a n  e m p i r i c a l  p r o b a b i l i t y  popu- \ 
l a t i o n  w i t h  a n  a s s i g n e d  mean 4 and  a c o r r e l a t i o n  m a t r i x  D o b t a i n e d  i 
by s t a t i s t i c a l  r e d u c t i o n  of numerous d i r e c t  measurements o f  4 ) .  I 

It i s  these h y p o t h e s e s  t h a t  are used  i n  t h e  e x i s t i n g  methods;  t h e y  
can  be i n t e r p r e t e d  e i t h e r  as " d e t e r m i n i s t i c "  o r  p r o b a b i l i s t i c a l l y  . 126 
As a r u l e ,  t h i s  i s  done by i n t r o d u c i n g  a n  a p r i o r i  m e t r i c  (ex
p l i c i t l y  o r  i m p l i c i t l y )  de t e rmined  by t h e  s c a l a r  p r o d u c t  

o r  i n t r o d u c i n g  a n  a p r i o r i  normal  p r o b a b i l i t y  d i s t r i b u t i o n  w i t h  a 
d e n s i t y  f u n c t i o n  

i n  t h e  E u c l i d i a n  s o l u t i o n  s p a c e  En.  The s p e c i f i c  form o f  t h e  
symmet r i ca l  p o s i t i v e - d e f i n i t e  m a t r i x  H depends on t h e  n a t u r e  o f  
t he  a p r i o r i  h y p o t h e s e s .  For example,  H may be a m a t r i x  tha t  

y i e l d s ,  i n  (5 .25 ) ,  a n  approx ima te  v a l u e  o f  t h e  i n t e g r a l  i[cP(y)12dyb 

or 	J[tp'(y)]2dy i n  c a s e s  i n  which t h e  s o l u t i o n  o f  ( 5 . 1 8 )  i s  assumed to 
a 

be  bounded o r  smooth,  and may a l s o  be  t h e  i n v e r s e  of  t h e  e m p i r i c a l  
c o r r e l a t i o n  m a t r i x  D. Sometimes,  " d e t e r m i n i s t i c "  smoothness  
hypo theses  are i n t e r p r e t e d  p r o b a b i l i s t i c a l l y  i n  o r d e r  t o  u s e  a 
more conven ien t  ma themat i ca l  a p p a r a t u s .  C e r t a i n  a u t h o r s  [ll, 12,
81 u s e  c o n c r e t e  s t a t i s t i c a l  i n f o r m a t i o n  ( a  c o r r e l a t i o n  m a t r i x )  i n  
methods t h a t  s h o u l d  b e  c l a s s i f i e d  as d e t e r m i n i s t i c  because  o f  t h e  
u s e  of  a n a l y t i c a l  a p p a r a t u s .  The inadequacy  of  t h e  a p p a r a t u s  u s e d  
t o  t h e  n a t u r e  of t he  a p r i o r i  i n f o r m a t i o n  r e s u l t s  i n  i n c o m p l e t e  
u t i l i z a t i o n  of t h e  i n f o r m a t i o n .  

I n  most methods,  t h e  problem o f  s e l e c t i n g  measurement condi 
t i o n s  has been  examined on t h e  e m p i r i c a l  l e v e l .  Depending on t h e  
t y p e  o f  i n t e r p r e t a t i o n  ( d e t e r m i n i s t i c  or p r o b a b i l i s t i c ) ,  t h i s  prob
l e m  can  be s ta ted  as f o l l o w s .  

1. S e l e c t  f rom among t h e  p r a c t i c a l l y  p o s s i b l e  measurements 
c o n d i t i o n s  f o r  measurement of t h e  f u n c t i o n  f s u c h  t h a t  t h e  m a t r i x  
A of Sys tem (5 .22 )  t ha t  c o r r e s p o n d s  t o  them-will  be most s t ab le  
i n  t h e  s e n s e  of  t h e  a p r i o r i  m e t r i c  ( 5 . 2 5 )  w i t h  r e s p e c t  t o  t h e  
p a r t i c u l a r  n a t u r e  and magnitude of  t h e  " d i s t u r b a n c e s "  i n  a s s i g n 
i n g  f i n  t h e  a p r i o r i  c l a s s  of  s o l u t i o n s :  (H4, @ )  < C ( t h e  con-
S t a n 5  C must be  s u i t a b l y  s e l e c t e d ) .  

2.  T r e a t i n g  4 as a norma l ly  d i s t r i b u t e d  random v a r i a b l e  ( f o r  
example,  d i s t r i b u t e d  a c c o r d i n g  t o  ( 5 . 2 5 ) )  and s e l e c t i n g  a n  ade
q u a t e  q u a n t i t a t i v e  i n f o r m a t i o n  measure , d i s t r i b u t e  t h e  sound ing  
s p e c t r a l  r a n g e s  i n  s u c h  a way as t o  e x t r a c t  t h e  p o s s i b l e  maximum 



- 

.f i n f o r m a t i o n  on Cp as a random v a r i a b l e .  

S .  Twomey [23]  made one a t t e m p t  t o  s o l v e  t h e  problem i n  a 
o r m u l a t i o n  s u b s t a n t i a l l y  s i m p l i f i e d  as compared t o  t h e  d e t e r m i n i s 
-ICf o r m u l a t i o n  d e s c r i b e d  above .  We s h a l l  d i s c u s s  h i s  methods i n  /262 
.erms of  t he  v e c t o r  nomenc la tu re  t h a t  w e  have  i n t r o d u c e d .  L e t  u s  
lerform s c a l a r  m u l t i p l i c a t i o n  o f  t he  te rms  o f  (5 .22 )  by some u n i t  
, e c t o r  5 :  llgl=i.* We o b t a i n  

(4,E)= (7l E) + ( E .  E). 

Using i n d i c e s  t o  d e n o t e  t h e  i n d i v i d u a l  components of  t h e  co r 
e spond ing  v e c t o r s ,  w e  o b t a i n  

On examining t he  r i g h t  m e m b e r  o f  t h i s  e q u a l i t y ,  we conc lude  
-hat f o r  t h e  measurements f l  of  t h e  f u n c t i o n  -f t o  c a r r y  more use-

-
' u l  i n f o r m a t i o n  t h a n  " n o i s e , "  i t  i s  n e c e s s a r y  t h a t  t h e  r e l a t i o n  

i (4.?)I> I ( E .  ; ) I  ( 5 . 2 7 )  

.e  s a t i s f i e d  f o r  a l l  j ~ [ I - i .  

S i n c e  t h e  m a t h e m a t i c a l  e x p e c t a t i o n  o f  I ( E , E )  i s  U f o r  a11 
l E l l = l ,  w e  f i n d  a f t e r  a number of  e v a l u a t i o n s  t h a t  (5 .27 )  o b t a i n s  
m l y  when t h e  i n e q u a l i t y  

-- 1 n s s a t i s f i e d ;  h e r e ,  @av- -vxcpj,and Xmin i s  t h e  minimum e i g e n 
11 

j-1 

a l u e  of t h e  p o s i t i v e - d e f i n i t e  m a t r i x  AA* ( *  i s  the  t r a n s p o s i t i o n
.ymbol) .  When ( 5 . 2 8 )  i s  n o t  s a t i s f i e d ,  Twomey p r o p o s e s  t h a t  t h e  
- o r r e s p o n d i n g  row be s t r u c k  f rom m a t r i x  A and t h a t  t h i s  o p e r a t i o n  
,e r e p e a t e d  u n t i l  ( 5 . 2 8 )  i s  s a t i s f i e d .  The q u a n t i t y  $av i s  to 
: h a r a c t e r i z e  t h e  sough t  s o l u t i o n .  However, i t  i s  p e r f e c t l y  c l e a r  
. h a t  s e l e c t i o n  o f  measurement c o n d i t i o n s  must be o r i e n t e d  n o t  t o  
1 d e f i n i t e  ( p e r h a p s  c h a r a c t e r i s t i c )  s o l u t i o n ,  b u t  t o  t h e  whole 
: p r i o r i  c l a s s  or p r o b a b i l i t y  p o p u l a t i o n  of s o l u t i o n s .  Moreover,  
Womey i s  e s s e n t i a l l y  concerned  n o t  w i t h  o p t i m i z a t i o n  of  measure
i en t  c o n d i t i o n s ,  b u t  w i t h  i s o l a t i o n  o f  f-measurements t ha t  are  
i n e a r l y  i n d e p e n d e n t  w i t h i n  t he  l i m i t s  Ef e r r o r  E .  

P r o b a b i l i s t i c  i n t e r p r e t a t i o n  of t h e  s o u g h t  s o l u t i o n  makes i t  
j o s s i b l e  t o  u s e  a c o n v e n i e n t  i n f o r m a t i o n  a p p a r a t u s .  Using a n  i n 
'o rmat ion  c h a r a c t e r i s t i c  t ha t  he i n t r o d u c e d ,  V.P.  Kozlov examined 
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the  problem of  op t imiz ing  f-measurement c o n d i t i o n s  f o r  t h e  case  i n  
which c o n c r e t e  s t a t i s t i c a l  i n fo rma t ion  on the  unknown c h a r a c t e r i s 
t i c  i s  a v a i l a b l e  ( e m p i r i c a l  c o r r e l a t i o n  m a t r i x  D) [131. We s h a l l  /263
o u t l i n e  t h i s  method i n  i t s  e s s e n t i a l s  f a r t h e r  on, s i n c e  i t  i s  
c l o s e l y  i n t e r r e l a t e d  w i t h  t h e  s t a b i l i z a t i o n  a lgo r i thm.  

An a lgo r i thm f o r  s e l e c t i o n  o f  f-measurement c o n d i t i o n s  i s  
c o n s t r u c t e d  on the basis of  t he  c l a s s i c a l  Shannon measure of i n 
format ion  i n  a paper  of O.M. Pokrovskiy [24] ;  i t  can be used i n  
cases  corresponding to a broad r ange  of  a p r i o r i  hypotheses  as to 
9 (smoothness,  boundedness, p r o p e r t y  o f  be longing  t o  an e m p i r i c a l
p r o b a b i l i t y  p o p u l a t i o n ) .  It is shown i n  the  f i r s t  segment o f  t h i s  
work tha t  the  (Shannon) q u a n t i t y  o f  i n fo rma t ion  con ta ined  i n  t h e  
measurements v e c t o r  f = f + E concerning a random v a r i a b l e  4 t h a t  
i s  normally d i s t r i b u t e d  w i t h  t h e  d e n s i t y  f u n c t i o n  (5 .26)  ‘is de
termined by the e q u a l i t y  

(+a,,al)(cr)a,,a,)...(m],a,) 
ro ((I,, . .., ( I  m . . . . . . . . . . . . . 

((1’ a,nl)(Q)an,a:) .  . .pa,,a,) 
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On t h i s  basis,  t h e  i l t h- i n t e r v a l ,  t o  which t h e  I'd,(;) -maximizing /264
* 

v e c t o r  ait corresponds ,  should  be t aken  as the  f i r s t  s p e c t r a l  i n 
t e r v a l .  T h e r e a f t e r ,  optimum s e l e c t i o n  of t h e  ( m  + 1 ) t h  s p e c t r a l
i n t e r v a l  w i t h  r e s p e c t  to t h e  m i n t e r v a l s  (m = 1, 2 , .:) s e l e c t e d  
i n  the  p reced ing  s t e p s  cons isFs  i n  f i n d i n g  t h e  number im+lto- - 6  A 

which t h e  r O ( a i , ,..., a )  -maximizing v e c t o r  aim+! corresponds.  

A s  a r u l e ,  s t a b l e - s o l u t i o n  methods for a l g e b r a i c  equa t ions  
are based on s u b s t i t u t i o n  of t h e  u n s t a b l e  problem ma t r ix  o p e r a t o r
by a s table  o p e r a t o r  t h a t  d i f f e r s  minimally ( w i t h  c o n s i d e r a t i o n  o f  
a p r i o r i  i n fo rma t ion  on the s o l u t i o n )  from t h e  g iven  o p e r a t o r .
T h l s  i s  done i n  two ways: a )  by c o n t r a c t i n g  t h e  given o p e r a t o r  A 
t o  a c e r t a i n  subspace of smaller d imens iona l i ty  (smaller t h a n  En); 
b )  	by d i s t o r t i n g  o p e r a t o r  A i n  o r d e r  to s t a b i l i z e  i t  throughout
the  e n t i r e  space  En. It must be  noted  here t h a t  methods based on 
the  d i s t o r t i o n  p r i n c i p l e  are based on the ideas of t h e  r e g u l a r i z a 
t i o n  method. Le t  us now examine the  v a r i o u s  methods i n  accordance 
w i t h  the  above c l a s s i f i c a t i o n  i n t o  two groups.  

I n  one of t h e  f i r s t  pape r s  devoted t o  the  problem o f  tempera
t u r e  sounding of t he  atmosphere,  G .  Yamamoto [25] sought  t h e  so lu 
t i o n  of t h e  problem i n  t h e  form o f  an expansion i n  a system of 
or thogonal  f u n c t i o n s  {e,) 

T h i s  method i s  known as the  method of moments i n  computation
a l  mathematics.  On numerical  r e a l i z a t i o n  of t h i s  method, w e  ob
t a i n  t h e  fo l lowing  equa t ion  system f o r  t h e  unknown c o e f f i c i e n t s  
Ck (k = 1, ...9 -1): 

E''A"AEc === E"A*f, (5 .30)  
-

i n  which t h e  v e c t o r  c = ( C I ,  ..., c,) and t h e  ma t r ix  E = (ell...e,) 
i s  formed from t h e  v e c t o r s  {e,) cor responding  t o  t h e  f u n c t i o n s  
{ek ) .  I n  s o l v i n g  ( 5 . 3 0 ) ,  G .  Yamamoto encountered an unusual  ef
f e c t .  A s  t h e  number -1 of terms i n  t h e  expansion ( 5 . 2 9 )  i n c r e a s e d  
beyond a c e r t a i n  v a l u e ,  approximations 4 (2)t h a t  d e v i a t e d  i n c r e a s 
i n g l y  from t h e  e x a c t  s o l u t i o n  were ob ta ined .  An approximation 4 (1) 
t h a t  takes account  of on ly  a f e w  t e r m s  o f  t he  expansion ( 5 . 2 9 )  w a s  
found to be optimum; t h i s  optimum v a l u e  of 2 dec reases  w i t h  i n 
c r e a s i n g  e r r o r  E i n  the  assignment of  f .  T h i s  r e f l e c t e d  t h e  non
c o r r e c t n e s s  of t h e  problem of s o l v i n g  Ehe Fredholm i n t e g r a l  equa
t i o n  of t he  f i r s t  k ind ,  as d i s c e r n e d  i n  t h e  poor c o n d i t i o n a l i t y
of t h e  m a t r i x  of (5 .30 ) .  L. Kaplan C261 noted  a s imi l a r  e f f e c t  i n  
an a t t empt  to s o l v e  t h e  problem by a n o t h e r  method. 



A.M. Obukhov [271 showed t h a t  expansion of  g e o p h y s i c a l - f i e l d  /265
c h a r a c t e r i s t i c s  w i t h  r e s p e c t  t o  t h e  basis formed by t h e  eigenvec
t o r s  o f  the  e m p i r i c a l  c o r r e l a t i o n  m a t r i x  g i v e s  t h e  optimum ( i n  t h e  
s t a t i s t i c a l  s e n s e )  approximation of t h e s e  c h a r a c t e r i s t i c s .  Using
A.M. Obukhov's r e s u l t s ,  M.S. Malkevich and V . I .  T a t a r s k i y  [12]
proposed to f i n d  t h e  s o l u t i o n  Cp of Problem (5 .22)  i n  t h e  form of 
an expansion i n  e m p i r i c a l  o r thogona l  v e c t o r s  {ek) ( t h e  e i g e n b a s i s  
of c o r r e l a t i o n  m a t r i x  D): 

where i s  the  average v e c t o r ) .  I n  t h i s  ca se ,  Eq. (5 .22 )  i s  
t ransformed t o  the system 

f o r  de t e rmina t ion  of the vec to r  o f  t h e  unknown c o e f f i c i e n t s  ;= 
A A 

= ( c i , . . . . C ~ ) .  The de te rmina t ion  of t h e  optimum number o f  e lements  i n  
t h e  expansion (5 .31)  was based s o l e l y  on a se r ies  o f  numerical  
experiments .  An advantageous f e a t u r e  of  t h i s  method, as compared 
w i t h  G .  Yamamoto's method, was t h e  use o f  t h e  optimum s t a t i s t i c a l  
approximation.  T h i s  made i t  p o s s i b l e  t o  s e c u r e  r e l a t i v e l y  good
approximations of  t h e  s o l u t i o n  whi le  u s i n g  a small number of 
terms of Expansion ( 5 . 3 1 ) .  However, s t a y i n g  w i t h i n  t h e  framework 
of the d e t e r m i n i s t i c  a lgo r i thm (method o f  moments), t h e  a u t h o r s  of  
[12] d i d  no t  use t he  e x t e n s i v e  in fo rma t ion  on t h e  s o l u t i o n  tha t  
was i n h e r e n t  i n  t h e  e m p i r i c a l  c o r r e l a t i o n  m a t r i x  f o r  r i g o r o u s
d e f i n i t i o n  o f  t h e  optimum number of basis elements  necessary  for 
r e c o n s t r u c t i o n  of Cp from t h e  measurements v e c t o r  f w i t h  an as
s igned  l e v e l  o f  e r r o r  u'.  T h i s  d e f i c i e n c y  was c o r r e c t e d  by V . P .  
Kozlov [ l 3 ]  i n  h i s  s t a t i s t i c a l  approach t o  s o l u t i o n  o f  t h e  problem.
T h i s  method a l s o  proposes  that t h e  s o l u t i o n  be sought, i n  t h e  form 
of t h e  expansion ( 5 . 3 1 ) ,  whose c o e f f i c i e n t s  a re  determined from 
(5 .32) .  Assuming t h a t  t h e  e r r o r s  E i n  t h e  measurements of  f are 
Gaussian "whi te  no i se"  w i t h  a v a r i a n c e  a', V . P .  Kozlov i n t r z d u c e d  
an  in fo rma t ion  m e t r i c  i n t o  t h e  s o l u t i o n  space  by means o f  the 
e q u a l i t y  

1
P 2 ( p , .  P:')---;f("""'p 3). 31. Y? � E". (5 .33)  

The m e t r i c  (5 .33 )  has an impor tan t  s t a t i s t i c a l  i m p l i c a t i o n :  
t he  two elements  rl, irz. E E,, are p r a c t i c a l l y  i n d i s t i n g u i s h a b l e  a t  a 
g iven  e r r o r  l e v e l  a' i f  1~!!(~j1,( I? )  7; 1. Kozlov assumes f u r t h e r  t h a t  
t he  s o l u t i o n  belongs t o  a bounded a p r i o r i  r e g i o n  ( t h e  s c a t t e r i n g
e l l i p s o i d  of t h e  sought  random v a r i a b l e  Cp, whose dimensions a r e  
determined by t h e  elements  of t h e  e m p i r i c a l  c o r r e l a t i o n  ma t r ix  D )  /266
and cons ide r s  t he  e x t e n t  o f  t h i s  r e g i o n  i n  v a r i o u s  d i r e c t i o n s  i n  
u n i t s  o f  t he  in fo rma t ion  m e t r i c .  If i n  any d i r e c t i o n  t h e  " th i ck 
ness"  o f  the  a p r i o r i  r e g i o n  i n  m e t r i c  (5 .33)  does not  exceed 
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u n i t y ,  t he re  i s  no p o i n t  i n  concerning o u r s e l v e s  w i t h  p r o j e c t i o n
of the  s o l u t i o n  onto  t h i s  d i r e c t i o n ,  s i n c e  t h e  e r r o r  of p o s s i b l e
de te rmina t ion  w i l l  exceed t h e  range of  i t s  p o s s i b l e  v a r i a t i o n  i n  
t h e  a r i o r i  r eg ion .  The average dimensions o f  t he  a p r i o r i  re
gion*ts of t h e  in fo rma t ion  me t r i c  (5 .33 ) )  i n  mutua l ly  o r 
thogonal  d i r e c t i o n s  a r e  c a l c u l a t e d  as square  roots of t h e  eigen

1va lues  A ,  of  ma t r ix  -DA*A, whi le  t h e  d i r e c t i o n s  themselves  a r e- a2 -
determined by t h e  corresponding e igenvec to r s .  The a u t h o r  proposes  
t h e  q u a n t i t y  v = f z  as the  measure of i n fo rma t ion  for t h i s  method. 

A' > i 
It r e p r e s e n t s  the  number of d i s t i n g u i s h a b l e  (by means o f  t h i s  
method) e lements  o f  the  a p r i o r i  r e g i o n  w i t h i n  t h e  l i m i t s  o f  a 
given measurement-error l e v e l  (5'. 

Within t h e  framework of t h e  method tha t  he proposed f o r  so lu 
t i o n  o f  t h e  i n v e r s e  problem, V.P.  Kozlov cons idered  the  problem
of s e l e c t i n g  optimum measurement cond i t ions  for t h e  f u n c t i o n  f .  
Suppose t h a t  t h e  ma t r ix  A i n  System (5 .22)  corresponds t o  a l l -
p o s s i b l e  (1)s p e c t r a l  i n t e r v a l s .  The problem of e v a l u a t i n g  t h e  
informat ion  p o t e n t i a l  of the  method i n  t h e  a p r i o r i  r e g i o n  i s  
so lved  by  f i n d i n g  t h e  e igenvalues  ( X i }  and v e c t o r s  {ui) o f  t h e  

Imat r ix  -DA*A, which determine t h e  in fo rma t ion  d i r e c t i o n s  i n  t h i s  
0 2

r e g i o n  : 
-1 D A * h ,  =I p l .
62 

1The elements  Aui, which a r e  e igenvec to r s  of a m a t r i x  ---/.IDA*
0 2  

w i t h  t h e  same e igenva lues  {hi} ,  i n d i c a t e  t h e  in fo rma t ion  d i r e c 
t i o n s  i n  t h e  space  of  s i g n a l s  f .  Kozlov combines t h e  g iven  spec
t r a l  i n t e r v a l s  on t h e  basis o f a n a l y s i s  of  t h e  components of t h e  
v e c t o r s  Aui cor responding  to e igenvalues  Xi  > 1. The q u a n t i t a 
t i v e  c r i t e r i o n  f o r  t h i s  grouping of ad jacen t  s p e c t r a l  i n t e r v a l s  
i s  maximization o f  t h e  in fo rma t ion  q u a n t i t y  V for t h e  new m a t r i x  
A .  With t h i s  combination of s p e c t r a l  i n t e r v a l s ,  V i n c r e a s e s  as 
a r e s u l t  of t h e  i n c r e a s e  i n  s i g n a l / n o i s e  r a t i o  ( c o n c r e t e  r e s u l t s  
o f  c a l c u l a t i o n s  by t h e  Kozlov method are g iven  on pages 263-265). 

A method of  i s o l a t i n g  t h e  s t a b l e  p a r t  of  t h e  s o l u t i o n  of  
(5 .22)  i n  t he  c a s e  o f  q u i t e  g e n e r a l  a p r i o r i  hypotheses  as t o  t h e  
unknown $ (smoothness,  boundedness) i s- proposed i n  O . M .  Pokrov
s k i y ' s  papers  [28, 291 .  The element c r ~ ~ ' nt ha t  has t h e  minimum /267 
norm (see Formula ( 5 . 2 5 ) )  

among all o f  t h e  elements  t h a t  s a t i s f y  t h e  "undis turbed"  equa t ion
( 5 . 2 4 )  i s  r ega rded  as t h e  e x a c t  s o l u t i o n .  L e t  us denote  by {ek} 

and {A,) t h e  e i g e n v e c t o r s  and e igenvalues  of t h e  m a t r i x  AH-lA*.  
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ih
It can be shown t h a t  t h e  s o l u t i o n  of  Problem ( 5 . 2 2 )  i s  r e p r e s e n t e d  !
by the  expansion i 

(5 .34)  

-where c&= v, a) , qA=/f-'A*eA (k= f ,  ..., ml .  Here , i n  v i r t u e  o f  (5.23) ,
Ah-

C k ,  i s  a random v a r i a b l e .  The same can b e  sa id  o f  (5 .34) .  W e  s eek  
t h e  s table  s o l u t i o n  o f  Problem ( 5 . 2 2 )  i n  t h e  form 

(5.35)  

where t h e  s e t  of i n d i c e s  k l ,  ..., kN i s  found t o  minimize the  
va r i ance  o f  t h e  devgqt ion  from t h e  exac t  s o l u t i o n  

( E  i s  the  s i g n  o f  t h e  mathematical  e x p e c t a t i o n ) .  

The c r i t e r i o n  f o r  s e l e c t i o n  of t h e  s e t  ( k l ,  ..., kN)  i s  t h e  
i n e q u a l i t y  

However, w e  do not  know Fk. Using t h e  r u l e  o f  confidence-
i n t e r v a l  e s t i m a t i o n ,  w e  f i n d  t h a t  Fk sa t i s f i e s  t h e  i n e q u a l i t y  

f h  - . Q < f k  

w i t h  p r o b a b i l i t y  % + @ ( a ) ,where @ ( a )i s  t h e  p r o b a b i l i t y  i n t e g r a l .
Fo r  example, f o r  a = 0.5 ,  t h e  i n e q u a l i t y  f k  2 1 . 5 0  s e r v e s  w i t h  a 
p r o b a b i l i t y  o f  $0.7 as a c r i t e r i o n  o f  t h e  hypo thes i s  ( 5 . 3 6 ) ,  which 

.- i s  u s u a l l y  a " th re sho ld  o f  d i s c r i m i n a t i o n "  and can t h e r e f o r e  b e  
used i n  p r a c t i c e  t o  t zs t  Hypothesis (5 .36 ) ,  which leads t o  s e l e c 
t i o n  o f  t he  s o l u t i o n  4 tha t  i s  optimum accord ing  t o  (5 .35 ) .  I n  
c o n t r a s t  t o  V.P.  Kozlov's method, t h e  g e n e r a l  n a t u r e  of the a 
p r i o r i  hypotheses  as t o  t h e  s o l u t i o n  does no t  i n  t h i s  c a s e  en
able us t o  i s o l a t e  any bounded a p r i o r i  r e g i o n .  The in fo rma t ion  /268
conta ined  i n  H ( i n  t h e  case  o f  a smoothness h y p o t h e s i s )  enab le s  
us  merely t o  c o r r e l a t e  t h e  va r ious  components o f  t h e  unknown vec
t o r  $I. Hence t h e  c r i t e r i o n  t h a t  s e r v e s  f o r  i s o l a t i o n  o f  t h e  
s table  p a r t  of the s o l u t i o n  i s  r e l a t e d  only t o  t h e  a n a l y s i s  o f  
t h e  given f .  I n  the Kozlov method, i s o l a t i o n  of  t h e  s t a b l e  p a r t
of t h e  basrs i s  r e l a t ed  t o  t h e  magnitude o f  the  e r r o r  6' and t h e  
c h a r a c t e r i s t i c s  of t h e  a p r i o r i  r e g i o n ,  and i s  not  l i n k e d  i n  any 
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way t o  the'  s p e c i f i c  r e a l i z a t i o n  f .  Hence t h e  desc r ibed  method 
may prove t o  be more f l e x i b l e  ( i n  s t a t i s t i c a l  i n t e r p r e t a t i o n ,
i . e . ,  when H = D - I )  i n  cases  i n  which the  t r u e  s o l u t i o n  o f  t h e  
problem d i f f e r s  s i g n i f i c a n t l y  from t h e  e m p i r i c a l  s t a t i s t i c s .  

The e r r o r  i n  a s s i g n i n g  t h e  m a t r i x  A can be t aken  i n t o  ac
count i n  a d e f i n i t e  s e n s e  by t h e  method o f  expanding i n  e igen
v e c t o r s  of t he  o p e r a t o r  B = AH-'A*. I f  t h e  ma t r ix  A i s  a s s igned
w i t h  a c e r t a i n  e r r o r ,  w e  o b t a i n  ma t r ix  B i n  Lhe form B = + A ,
where A i s  the  symmetr ical  e r r o r  ma t r ix  and B i s  t h e  exac t  v a l u e  
of t h i s  ma t r ix .  Elementary bookkeeping [ 2 9 ]  leads us t o  t he  i n 
e q u a l i t y  

i n  which the  extreme e igenva lues  of t h e  m a t r i c e s  i n d i c a t e d  by the  
i n d i c e s  appear .  Hence w e  conclude t h a t  t he  e igenvalues  hi o f  t he  
"d i s tu rbed"  m a t r i x  B y  f o r  which the i n e q u a l i t y  

): < I )."Jm.1 (5 .37)  

i s  s a t i s f i e d ,  a r e  comparable w i t h  t h e  zero e igenvalues  ( i n  t h e  
sense  t h a t  t h e  cor responding  v a l u e s  of  t h e  t r u e  ma t r ix  can equa l
z e r o ) ,  and hence t h a t  t h e  terms a s s o c i a t e d  w i t h  them i n  t h e  expan
s i o n  (5 .34)  must be  e l i m i n a t e d  from (5 .35) .  Thus, (5 .37)  y i e l d s  
an independent  c r i t e r i o n  f o r  s t a b i l i z a t i o n  of t h e  s o l u t i o n  w i t h  
r e s p e c t  t o  e r r o r s  i n  a s s i g n i n g  t h e  o p e r a t o r  A .  

The methods t h a t  w e  p l aced  i n  t h e  second group have been 
based on minimiza t ion  o f  r e g u l a r i z i n g  f u n c t i o n a l s  of t h e  form 

1 4  -fP+ Z(/f?. Y) @ > O ) .  . (5 .38)  

The v e c t o r  t h a t  r e a l i z e s  t h e  minimum o f  Func t iona l  (5 .38)  
i s  an approximation of t h e  exac t  s o l u t i o n .  The vec to r  I$a i s  de
termined from t h e  E u l e r  equa t ion  f o r  (5 .38)  

(A* A  +d / )f"== A* f. (5.39) 

Thus, the element t h a t  i n t r o d u c e s  s t a b i l i t y  i n t o  t h e  s o l u t i o n  o f  
t h e  i n i t i a l  problem i s  t h e  m a t r i x  0pera tor"aH.  The o p e r a t o r  H i s  
determined by t h e  n a t u r e  of  t h e  a p r i o r i  hypotheses  on the  so lu 
t i o n  (see ( 5 . 2 5 ) ) .  

The p i v o t a l  problem i n  p r a c t i c a l  s o l u t i o n  u s i n g  methods based 1269 
on the  idea o f  a -paramet r ic  r e g u l a r i z a t i o n  i s  s e l e c t i o n  of  t h e  
optimum a (to which t h e  I $ a  t h a t  d e v i a t e s  minimally f rom the  ex
a c t  s o l u t i o n  co r re sponds ) .  D i f f e r e n t  i n t e r p r e t a t i o n s  of  t h e  
problem data, a p r i o r i  i n fo rma t ion ,  and sometimes even of t h e  
problem i t s e l f  (as w e  s h a l l  show below) have r e s u l t e d  i n  d i f f e r 
e n t  a lgor i thms f o r  s e l e c t i o n  o f  a. D. P h i l l i p s  [30] and la te r  



S. Twomey [ 3 l ]  proposed examinat ion of t h e  problem a t  a condi
t i o n a l  extremum. That i s  t o  say ,  t h e y  proposed t r e a t i n g  the  vec
t o r  t h a t  minimizes t h e  f u n c t i o n a l  (H$, $)  ( t h e  m a t r i x  H c o r r e 
sponds t o  t he  smoothness h y p o t h e s i s )  as t h e  s o l u t i o n  9 o f  Problem 
(5.22)  w i t h  the  c o n d i t i o n  tha t  ll&-fJ12<62, where t h e  v e c t o r  f, 
which i s  measured w i t h  an  e r r o r ,  sa t i s f ies  t h e  condi t ionIlf- fpG 62. 

On s o l v i n g  t h i s  problem by the  Lagrange method o f  m u l t i p l i e r s ,  w e  
a r r i v e  a t  a f 'unc t iona l  o f  t h e  form (5 .38) ,  i n  which a = 1 / X  ( X  i s  
thc  Lagrange m u l t i p l i e r  d e f i n e d  w i t h  t h e  a d d i t i o n a l  c o n d i t i o n  
llAcp-flI2=62j.- With t h i s  f o r m u l a t i o n ,  w e  o b t a i n  as t h e  s o l u t i o n  a 
v e c t o r  i,tha t  approximates  t he  smoothest  o f  t he  a c c e p t a b l e  func
t i o n s  t h a t  sa t i s fy  the  s t a r t i n g  e q u a t i o n  (5.18)  w i t h i n  t he  l i m i t s  
o f  e r r o r  6 .  T h i s  approach i s  p u r e l y  d e t e r m i n i s t i c .  

D. Wark e t  a l .  [8] modif ied the  Phillips-Twomey "smoothing"
method f o r  s o l u t i o n  i n  the e m p i r i c a l  o r thogona l  v e c t o r  basis used 
i n  the methods of M.S. Malkevich and V.P. Kozlov. However, the  
d e t e r m i n i s t i c  a p p a r a t u s  of  t h e  Phillips-Twomey method d i d  no t  
permi t  e x t r a c t i o n  of  t he  optimum va lue  o f  t h e  r e g u l a r i z a t i o n  
parameter  a from the  conc re t e  s t a t i s t i c a l  i n fo rma t ion  on t h e  solu
t i o n .  

A.N. Tikhonov and V.B. Glasko [ 37 ]  t rea ted  t h e  problem o f  
numer ica l  r e a l i z a t i o n  of t he  r e g u l a r i z a t i o n  method (5 .21 )  deter
m i n i s t i c a l l y .  S ince  the s o l u t i o n s  o f  (5 .38)  and (5 .39)  depend
i n  numerical  r e a l i z a t i o n  of t h e  r e g u l a r i z a t i o n  method on a, t h e  
c r i t e r i o n  f o r  s e l e c t i o n  o f  t he  optimum a was based on t h e  idea of 
minimizing the  v a r i a t i o n  of t h e  " r e g u l a r i z a t i o n "  s o l u t i o n  $a of  

Problem (5.39)  w i t h  r e s p e c t  t o  a Il-a,aI). The optimum parameter a 

i s - s e l e c t e d  on the  se t  {ai)  d e f i n e d  by t he  geometr ic  p rogres s ion  
ai+l=%q (q < 1) by f i n d i n g  t h e  minimum of Ilfd-?J+lll. i n  view of 
t h e  approx im a t  ion 

However (as the  a u t h o r s  o f  E371 p o i n t  out), t h e  f u n c t i o n  1270 
A ( a )  u s u a l l y  has s e v e r a l  l o c a l  minima. T h i s  leads to a c e r t a i n  
indeterminacy i n  s e l e c t i o n  o f  a, and,  i n  the  c a s e  of  large e r r o r s  
i n  a s s i g n i n g  g, t o  e r roneous  conclus ions  r e g a r d i n g  t h e  optimum a. 
T h i s  i s  because t h e  c r i t e r i o n  (5.40)  does n o t  e x p l i c i t l y  incorpo
rate  t h e  dependence on the  e r r o r  i n  assignment of  -f .  

O.M. Pokrovskiy [38] cont inued  t h i s  i n v e s t i g a t i o n .  Assuming
tha t  a r i o r i  i n fo rma t ion  on t h e  s o l u t i o n  i s  i n t r o d u c e d  w i t h  
(5.25 +-and tha t  the  e r r o r  E c o n s i s t s  o f  "white no i se"  w i t h  a va r 
i a n c e  a * ,  the  au tho r  t r ea t s  the  s o l u t i o n  of  the  r e g u l a r i z e d  
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equa t ion  (5.43)  as a f u n c t i o n  of  01 and E:cp"=v(a, E ) .  The s o l u t i o n
T of  ( 5 . 2 4 )  w i t h  t h e  minimum norm (5.25)  i s  regarded as t h e  
e x a c t  s o l u t i o n  of t h e  problem. Obvtously,  &zcc(o, 0)& ljmcr(a, 0). Then 

a 4 0
the  va lue  of  a that  minimizes t h e  q u a n t i t y  

'2 (0,0)-'2 (01 4 (5 .41)  

for t h e  g iven  e w i l l  be  optimum i n  s o l u t i o n  of Problem (5.22)  by 
means o f  (5 .43) .  The only'known c h a r a c t e r i s t i c  of  t h e  random 
v a r i a b l e  E i s  i t s  v a r i a n c e  u2. Since  t h e  f u n c t i o n  +(a,&) i s  
smooth i n  the  r ange  { I  (a,E )  la@; ec-E, , j  ( i f  i t  i s  a p p r o p r i a t e l y  de
f i n e d  f o r  a = O), the  Tay lo r - se r i e s  expansion can be  used t o  
e v a l u a t e  the  d i f f e r e n c e  between the  exac t  s o l u t i o n  and the  a-
approximation.  It i s  proposed t h a t  t h e  f i r s t  (comple te )  v a r i a 
t i o n  of t h e  q u a n t i t y  (5 .41)  o f  i n t e r e s t  b e  regarded as an  approxi
mation o f  tha t  q u a n t i t y .  I n  view of t h e  p r o b a b i l i s t i c  n a t u r e  of 
E ,  the  mathematical  e x p e c t a t i o n  of t he  f i r s t  v a r i a t i o n  of t h e  
f u n c t i o n  $(a,�) i n  t h e  a p r i o r i  m e t r i c  (5 .25)  i s  determined b y  
the  e q u a l i t y  

~ ( a ) = a 2 ~ L ( A r A + a N ) - ' H ~ P +02tr {L (A*A+aN) - 'A*A(A*A+aH) - 'L *J .  (5 .42)  

where the  d i r e c t  t r i a n g u l a r  ma t r ix  L i s  determined by  the  expans ion  
2 

H = L*L. The f i r s t  t e rm i n  ( 5 . 4 2 )  r e p r e s e n t s  I I L $ a l l .  which i s  
analogous t o  (5 .40)  as used i n  A . N .  Tikhonov and V.B.  GLasko's 
method. The second t e r m ,  which r e p r e s e n t s  t h e  probable  v a r i a t i o n  
o f  the  s o l u t i o n  w i t h  r e s p e c t  t o  e ,  I s  a dec reas ing  f u n c t i o n  o f  a ,
and hence,  i n  combination w i t h  t h e  f i rs t  t e r m ,  i n t r o d u c e s  inde
terminacy i n t o  t he  s e l e c t i o n  of a ( i n  p r a c t i c e ,  i t  makes i t  pos
s i b l e  t o  i n t r o d u c e  inde terminacy  i n t o  s e l e c t i o n  of t h e  minimum of 

t h e  f u n c t i o n  11,.a11). Moreover, the  minimum value  of t h e  f u n c t i o n  
y ( a , c )  w i t h  r e s p e c t  t o  a determines t h e  approximate va lue  o f  t h e  
d e v i a t i o n  of t h e  optimum r e g u l a r i z e d  s o l u t i o n  f rom t h e  exac t  s o l u - /27l
t i o n  i n  the s e n s e  of  the met r ic  (5 .25)  and w i t h  c o n s i d e r a t i o n  of 
t h e  s t a t i s t i c a l  n a t u r e  of t h e  e r ro r  E .  

V.F. Turchin  [32] used an idea s imi la r  t o  t h a t  proposed by
D. P h i l l i p s ,  b u t  t rea ted  t h e  problem p r o b a b i l i s t i c a l l y  . A p r i o r i
hypotheses  as t o  t he  sought  s o l u t i o n  are in t roduced  w i t h  t he  a i d  
o f  a p a r a m e t r i c  f a m i l y  of  a p r i o r i  p r o b a b i l i t y  d i s t r i b u t i o n s  w i t h  
d e n s i t y  f u n c t i o n s  

(5 .43)  

where the m a t r i x  H i s  s e l e c t e d  by the  same p r i n c i p l e s  as i n  (5 .26) .
S ince  the  e r r o r  v e c t o r  of  the  measurements of i s  assumed t o  be 
Gaussian "white  n o i s e "  w i t h  a v a r i a n c e  u2, t he  p r o b a b i l i t y  o f  
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o b t a i n i n g  t h e  v e c t o r  f from the  measurements w i t h  t he  c o n d i t i o n  
t h a t  v e c t o r  @ be the  s o l u t i o n  i s  determined by t h e  d e n s i t y  

According t o  Bayes '  formula [ 3 5 ] ,  t h e  a p o s t e r i o r i  proba
b i l i t y  of t he  s o l u t i o n  @ (provided  tha t  t h e  v e c t o r  -f has been 
measured) i s  determined by the  e q u a l i t y  

( 5 . 4 4 )  

( C  i s  a q u a n t i t y  s e l e c t e d  from t h e  no rma l i za t ion  c o n d i t i o n ) .  

It i s  proposed tha t  t h e  mathematical  e x p e c t a t i o n  of t he  ran
dom v a r i a b l e  @ accord ing  t o  +,he a p o s t e r i o r i  d i s t r i b u t i o n  (5.44)  
be regarded as t h e  s o l u t i o n  t o  t h e  problem. T h i s  q u a n t i t y  i s  
de f ined  as t h e  element t h a t  minimizes t h e  f u n c t i o n a l  

(5 .45 )  

The v a l u e  of I% t h a t  i s  maximum among a l l  v a l u e s  f o r  which t h e  
va r i ance  accord ing  t o  t h e  a p o s t e r i o r i  d i s t r i b u t i o n  

does not  exceed the  v a r i a n c e  cr2 of t h e  n a t u r a l  e r r o r s  of 'measure
ment of  f i s  regarded as optimum. S ince  t h e  d i s t r i b u t i o n s  (5.43)
impose i n c r e a s i n g l y  r i g i d  l i m i t a t i o n s  on "smoothness" w i t h  i n 
c r e a s i n g  6 ,  the  optimum 6 determines  t h e  "smoothest" c l a s s  of t he  
fami ly  (5 .43)  t h a t  s t i l l  pe rmi t s  s o l u t i o n  of  (5 .22)  w i t h  e r r o r  U 2 .  
The analogy w i t h  t h e  idea  of D. P h i l l i p s ,  t h a t  o f  s e l e c t i o n  of 
t h e  "smoothest" of t h e  a c c e p t a b l e  s o l u t i o n s ,  e x i s t s  p r e c i s e l y  i n  /272
the  sense  of s e l e c t i o n  o f  t h e  "smoothest" c l a s s .  

Given conc re t e  s t a t i s t i c a l  i n fo rma t ion  on the  s o l u t i o n  ( t h e
e m p i r i c a l  average 4 and the  c o r r e l a t i o n  ma t r ix  D), Turch in ' s  
method [ 3 2 ]  uses  as i t s  a p r i o r i  p r o b a b i l i t y  d i s t r i b u t i o n  the  
normal d i s t r i b u t i o n  w i t h  t h e  d e n s i t y  f u n c t i o n  

I n  t h i s  case ,  t h e  f u n c t i o n a l  t h a t  y i e l d s  t h e  s o l u t i o n  of  o u r  prob
l e m  w i l l  take t h e  form 
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On comparing (5.46)  and (5.451,  w e  n o t e  t h a t  i n  t h i s  ca se  t h e  
conc re t e  s t a t i s t i c a l  i n fo rma t ion  pe rmi t s  unique ( a t  l eas t  s t a t i s 
t i c a l l y )  s o l u t i o n  of t h e  problem of  s e l e c t i n g  t h e  parameter  i5:6=1. 

The E u l e r  equa t ion  for Problem (5.46)  de te rmines  t h e  unknown 
s o l u t i o n  

(A; =7). (5 .47)  

C a l c u l a t i o n  o f  D'l i n v o l v e s  c e r t a i n  d i f f i c u l t i e s  because of 
t h e  poor  c o n d i t i o n a l i t y  of m a t r i x  D. 'However,  these d i f f i c u l t i e s  
can be overcome by use  of t h e  i d e n t i t y  

(A*A 4-s?D- - * ) - -1  A* z:.DA* (a?/+ ADA*)- ' .  (5 .48)  

According t o  ( 5 . 4 8 ) ,  t he  s o l u t i o n  can b e  determined from t h e  
e q u a l i t y  

7 == DA* (az//- ADA*)-' (f-7)+$, 

i n  which t h e  m a t r i x  D-' does not  appear .  

E .  Westwater and 0. S t r and  [35, 363 proposed a method f o r  
s o l u t i o n  of t h e  i n v e r s e  problem i n  t h e  case  of a v a i l a b i l i t y  o f  
conc re t e  s t a t i s t i c a l  i n fo rma t ion  on t h e  s o l u t i o n ;  as we s h a l l  
show below, i t  l e a d s  t o  t h e  same r e s u l t  as V.F .  Tu rch in ' s  method. 

Suppose t h a t  i t  i s  known t h a t  t h e  unknown s o l u t i o n  v e c t o r  r$ 

be longs t o  a normally d i s t r i b u t e g  p r o b a b i l i t y  popu la t ion  - w i t h  a 
c o r r e l a t i o n  ma t r ix  D and a mean 9 .  F u r t h e r ,  l e t  T==A(;, tl=ccF.-,i,h=f-f. 
Our problem w i l l  t h e n  c o n s i s t  i n  s o l v i n g  t h e  equa t ion  

(5 .49 )  

(H i s  t h e  exac t  va lue  o f  t h e  r i g h t  member), i n  which E i s  a "white  
no ise"  vec to r  w i t h  v a r i a n c e  02. -It i s  proposed t h a t  t h e  l i n e a r  
unbiased estimate f i  = BhE ( h E  = f - f + E ) ,  which i s  optimum i n  / 2 7 3  
t h e  sense  t h a t  i t  minimizes t h e  v a r i a n c e  E{ (6- n ,  I? - n ) )  on t h e  
a p r i o r i  d i s t r i b u t i o n  of t h e  random v a r i a b l e  r l ,  b e  regarded  as t h e  
s o l u t i o n  of (5 .49 ) .  It i s  known [33] t h a t  t h e  optimum l i n e a r  
p r e d i c t o r  i n  t h i s  problem i s  t h e  ma t r ix  

B =DA* (a2/ +ADA*)-'. (5 .50)  

The c o r r e l a t i o n  m a t r i x  of t h e  s o l u t i o n s  

g i v e s  in fo rma t ion  on t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  t h e  



r e c o n s t r u c t e d  q u a n t i t i e s  n, where the  q u a n t i t y  -tr(S;_,) (tr(A) i s  t h e  
t r a c e  of m a t r i x  A ) ,  which i s  t h e  sum o f  t h e  s q u a r e s  o f  t h e  compo
nen t s  of  t h e  random v a r i a b l e  rl t o  be r e c o n s t r u c t e d ,  can be  re
garded as a measure of  t h e  r e c o n s t r u c t i o n  e r r o r .  

Comparing (5 .47) ,  (5 .48 ) ,  and ( 5 . 5 0 ) ,  w e  a r r i v e  a t  t h e  con
c l u s i o n  t h a t  t h e  Bayes s t r a t e g y  leads t o  t h e  same r e s u l t  as the  
l i n e a r  estimate o f  l eas t  squa res .  

' < 
Within the  framework of t h e i r  proposed approach,  E .  West-

water and 0.  S t r a n d  [ 3 6 ]  examined the  problem of s e l e c t i n g  o p t i 
mum c o n d i t i o n s  f o r  measurements o f  f .  Suppose t h a t  w e  have 1 
s p e c t r a l  i n t e r v a l s  (and hence 1 equgt ions  i n  a sys tem of  t h e  form 
( 5 . 4 9 ) ) ,  from which w e  must s e i e c t  m s p e c t r a l  i n t e r v a l s  (and t h e  
correspQnding e q u a t i o n s ) .  Obviously,  i.t i s  p o s s i b l e  t o  make 

(I-m) Im! d i f f e r e n t  s e l e c t i o n s .  Minimizat ion of t h e  q u a n t i t y  t r (S i i , )  
(which corresponds t o  t he  v a r i o u s  s e l e c t i o n  p o s s i b i l i t i e s )  i s  
proposed as a c r i t e r i o n  f o r  s e l e c t i o n  of  t h e  optimum se t  of m 
s p e c t r a l  i n t e r v a l s .  However, as t h e  a u t h o r s  i n d i c a t e ,  p r a c t i c a l
s o l u t i o n  of the  problem may be  d i f f i c u l t  when the  number -1 i s  
large.  

J .  King 's  " n o n l i n e a r  method" [39] occupies  a s p e c i a l  p o s i t i o n  
among the  v a r i o u s  r e g u l a r i z a t i o n  methods. T h i s  method w a s  de
s igned  f o r  approximate s o l u t i o n  o f  an i n t e g r a l  equa t ion  of t h e  
form 

m 

( t h e  i n t e g r a l  form o f  t h e  t r a n s f e r  e q u a t i o n )  f o r  t h e  f u n c t i o n  
dB/dT,  which i s  r e p r e s e n t e d  i n  t h e  form 

( 6 ( ~ )  i s  the  Dirac  d e l t a  f u n c t i o n ) ,  which corresponds t o  repre
s e n t i n g  t h e  unknown Planck f u n c t i o n  B ( T )  i n  the  form of a s t e p
f u n c t i o n  w i t h  increments  ABj a t  p o i n t s  Tj ( j  = 1, 2 ,  ..., n ) .  I n  
v i r t u e  of the known p r o p e r t i e s  of t h e  d e l t a  f u n c t i o n  6 ( ~ ) ,  sub
s t i t u t i o n  of (5 .52)  i n t o  (5 .51)  y i e l d s  

(5 .53)  

S e l e c t i n g  whole-numbered v a l u e s  of t h e  v a r i a b l e  1/11 
1-=i=o, 1, 2, ..., 2tL- 1,

Pl 
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i n t o  (5 .53) ,  w e  o b t a i n  t h e  e q u a l i t i e s  

i n  which t h e  r i g h t  m e m b e r s  f o rma l ly  r e p r e s e n t  t he  quadra tu re  sums 
of t h e  polynomials  xi (i = 0 ,  1, ..., 2n-1) and the  l e f t  members 
are exac t  va lues  o f  t he  i n t e g r a l s  of  (5.51) f o r  1/11 = 0 ,  1, ...,
2n-1. 

The va lues  x3 '  which have h i t h e r t o  been a r b i t r a r y ,  are de
f i n e d  as nodes of t h e  Gaussian q u a d r a t u r e  formula , .which  i s  exac t  
f o r  a l l  polynomials  of degree  no g r e a t e r  t h a n  2n-1. A t  the  same 
t i m e ,  t h e  unknown v a l u e s  AB3 are de f ined  as the  corresponding 
q u a d r a t u r e  c o e f f i c i e n t s .  An a t t r a c t i v e  f e a t u r e  of t h i s  method i s  
the  f a c t  t h a t  t h e v a r i a b l e s  1/11 are uniquely  de f ined  w i t h i n  t he  
a lgo r i thm (whether op t ima l ly  o r  not  i s  u n c l e a r ) .  It i s  a l s o  
h i g h l y  impor tan t  t h a t  t h e  a lgo r i thm f o r  f i n d i n g  t h e  nodes x3 au to
m a t i c a l l y  s t a b i l i z e s  t h e  system o f  a l g e b r a i c  equa t ions  f o r  deter
mina t ion  o f  t h e  AB3 a g a i n s t  e r r o r s  i n  I ( "uns t ab le"  nodes occur  
o u t s i d e  t h e  range  of  i n t e g r a t i o n  i n  t h e  complex p l a n e ) .  A c e r t a i n  
g e n e r a l i z a t i o n  o f  t h i s  a lgo r i thm w i l l  b e  found i n  [ 9 ] .  

$ 3 .  	CERTAIN INFORMATION ON THE ABSORPTION CHARACTERISTICS O F  AT
MOSPHERIC GASES 

As w e  noted  above, t he  carbon d iox ide  bands a t  X = 4 .3  p m  and 
A, = 15 pm and t h e  oxygen band a t  X z 5 mm are p r e s e n t l y  used f o r  
thermal-sounding purposes .  S ince  q u a n t i t a t i v e  a b s o r p t i o n  char
a c t e r i s t i c s  are needed t o  o b t a i n  t he  corresponding in t eg ra l - equa 
t i o n  k e r n e l s ,  w e  p r e s e n t  t h e  b a s i c  data on these bands.  

The C O 2  a b s o r p t i o n  band a t  X = 15 v m  i s  perhaps one of t he  1275 
most thoroughly  s t u d i e d  r e g i o n s  of t h e  i n f r a r e d  spectrum. T h i s  
i s  p r i m a r i l y  because of t h e  s t r o n g  i n f l u e n c e  of  t h i s  band on 
shaping  of t h e  a tmosphere ' s  t h e r m a l - r a d i a t i o n  f i e l d  and t h e  p o s s i 
b i l i t i e s  f o r  i t s  use  i n  s o l u t i o n  of t h e  i n v e r s e  problems of a t 
mospheric o p t i c s .  It c o n s i s t s  of a s e r i e s  of v i b r a t i o n a l - r o t a 
t i o n a l  bands,  most impor tan t  among which i s  t h e  fundamental  w 2  
band (00'0-01'0). Weak bands governed by t r a n s i t i o n s  between 
e x c i t e d  l e v e l s  a l s o  make an  a p p r e c i a b l e  c o n t r i b u t i o n  . t o  absorp
t i o n ,  as do i s o t o p e  bands.  

Many t h e o r e t i c a l  and exper imenta l  s t u d i e s  have been devoted 
t o  t h e  t r a n s m i s s i o n  f u n c t i o n s  o f  t h i s  band Cl.1-1.3, 1.51.  How
e v e r ,  far from a l l  o f  t h e m  can be used t o  s o l v e  the  thermal-
sounding problem. T h i s  i s  because of  a number of s p e c i f i c  re
quirements  made o f  a b s o r p t i o n  c h a r a c t e r i s t i c s  f o r  s o l u t i o n  of 
i n v e r s e  problems. F i r s t  of a l l ,  these c h a r a c t e r i s t i c s  must b e  
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known w i t h  h igh  accuracy ( f o r  g r e a t e r  d e t a i l ,  s e e  $5 o f  t h i s  
c h a p t e r ) .  

It i s  a l s o  necessa ry  i n  a number o f  i n t e r p r e t a t i o n  methods 
t o  have in fo rma t ion  on t h e  t r a n s m i s s i o n  f u n c t i o n s  f o r  r e l a t i v e l y  
narrow s p e c t r a l  i n t e r v a l s .  The data o f  D .  Burch e t  a l .  [40 ] ,
which are u s u a l l y  used i n  one way o r  a n o t h e r  f o r  comparisons w i t h  
t h e o r e t i c a l  c a l c u l a t i o n s ,  rank among t h e  bes t  exper imenta l  s t u d i e s .  
Among t h e  t h e o r e t i c a l  i n v e s t i g a t i o n s ,  w e  n o t e  t h o s e  o f  L .  Kaplan .
C411, G .  Yamamoto and T.  Sasamori C42, 4 4 1 ,  and T. Sasamori C431, 
i n  which t r a n s m i s s i o n  f u n c t i o n s  are c a l c u l a t e d  f o r  a broad range
o f  p r e s s u r e s ,  t empera tu res ,  and absorbing-substance c o n t e n t s  on 
the  basis of f i n e - s t r u c t u r e  data on t h e  band and w i t h  a p p l i c a 
t i o n  of  absorpt ion-band models. The r e s u l t s  of  c a l c u l a t i o n s  C441 
made f o r  ra ther  narrow s p e c t r a l  i n t e r v a l s  have been used i n  a 
number o f  s t u d i e s  on t h e  thermal-sounding problem ( e . g . ,  i n  [ll]). 
V. 	 S t u l l ,  P. Wyatt, and G .  Plass 1451 made e x t e n s i v e  c a l c u l a t i o n s  
of  t r ansmiss ion  f u n c t i o n s  w i t h  h igh  s p e c t r a l  r e s o l u t i o n  w i t h  t h e  
a id  of a quasirandom model. C a l c u l a t i o n s  were made by a d i r e c t  
method f o r  va r ious  c o n d i t i o n s  i n  11.813. We s h a l l  dwel l  b r i e f l y  
on t h e  problem o f  comparing t r ansmiss ion  f u n c t i o n s  ob ta ined  by
d i f f e r e n t  methods. 

S.D. Andreyev and A . G .  Pokrovskiy 11.831 compared t h e  expe r i 
mental  d a t a  of  D.  Burch e t  a l .  w i t h  t h e o r e t i c a l  c a l c u l a t i o n s  by  
a quasirandom model 1451 and w i t h  c a l c u l a t i o n s  made by t h e  method 
proposed i n  C461. F i g u r e  5.6 p r e s e n t s  an example o f  such a com
p a r i s o n  f o r  t h e  band a t  15 v m .  The a u t h o r s  o f  t h i s  paper  n o t e  -
as S. Crayson C1.811 had noted  p rev ious ly  - t h a t  t h e  l a r g e s t  c a l 
c u l a t i o n  e r r o r s  o f  t h e  quasirandom model a r e  observed f o r  the  Q
branch of t h e  band. On t h e  whole, however, t h e  c a l c u l a t e d  r e s u l t s  
from both  of  t h e  methods i n v e s t i g a t e d  agree s a t i s f a c t o r i l y  ( w i t h  1276 
an  e r r o r  o f  5-10%) w i t h  t h e  exper imenta l  data. 

S.  Drayson d e r i v e d  real-atmosphere t r a n s f o r m a t i o n  c h a r a c t e r 
i s t i c s  by d i r e c t  c a l c u l a t i o n  of t r a n s m i s s i o n  f u n c t i o n s  c1.811. 
Using f i n e - s t r u c t u r e  d a t a  from 11.311, he c a l c u l a t e d  t r a n s m i s s i o n  
f u n c t i o n s  i n  t h e  range from 500 t o  859 em-’ w i t h  0.1 em-’ r e so lu 
t i o n  f o r  34 l e v e l s  i n  t h e  atmosphere and 6 z e n i t h  a n g l e s .  The 
r e s u l t s  of these c a l c u l a t i o n s  were a p p l i e d  i n  a number o f  papers
devoted t o  s o l u t i o n  o f  t h e  thermal-sounding problem. Some t ime 
a f t e r  S.  Drayson, S.  L i  and C .  Young C481 c a l c u l a t e d  t r ansmiss ion  
f u n c t i o n s  d i r e c t l y  w i t h  t h e  o b j e c t  o f  comparing them w i t h  t h e  ex
pe r imen ta l  data o f  D .  Burch e t  a l .  Data on t h e  p o s i t i o n s  and i n 
t e n s i t i e s  o f  t h e  s p e c t r a l  l i n e s  were taken  from [47]  f o r  t h e  c a l 
c u l a t i o n s .  F igu res  5.7 and 5 .8  p r e s e n t  examples i n  which t h e  c a l 
c u l a t i o n s  a r e  compared w i t h  experiment .  We s e e  t h a t  the  b e s t  1278 
agreement between theo ry  and experiment i s  ob ta ined  i n  c a l c u l a 
t i o n s  w i t h  v a r i a b l e  l i n e  h a l f - w i d t h s .  Data on t h e  s p e c t r a l - l i n e
ha l f -wid ths  as f u n c t i o n s  of r o t a t i o n a l  quantum number were ob
t a i n e d  from a n a l y s i s  o f  a v a i l a b l e  exper imenta l  data on t h e  h a l f -
wid ths .  ( A  r e c e n t l y  pub l i shed  paper  of G .  Yamamoto, M .  Tanaka, 
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and T. Aoki. [491  g i v e s  r e s u l t s  
of  t h e o r e t i c a l  c a l c u l a t i o n s  
based on Anderson's t heo ry  o f  
t h e  ha l f -wid ths  o f  i n d i v i d u a l  
r o t a t i o n a l  l i n e s  i n  t h e  15-pm
carbon d iox ide  band.)  How
e v e r ,  even t h e  use of a con
s t a n t  0.08-cm-l a t m - '  l i n e  
ha l f -wid th  gave ra ther  good
r e s u l t s .  We see from Fig .
5.8 t h a t  the  exper imenta l
t r ansmiss ion  data sys t ema t i c 
a l l y  exceed t h e  t h e o r e t i c a l  
va lues  i n  t h e  wings of  t h e  
band. T h i s  may b e  due t o  
depa r tu re  o f  t he  l ine-con
t o u r  shape from t h e  Lorent
z i a n  expres s ion  ( o r ,  a t  low 
p r e s s u r e s ,  t h e  Lorentz-
Doppler e x p r e s s i o n )  used i n  
t h e  c a l c u l a t i o n s .  T h e  com
p a r i s o n  given i n  [48] made 
i t  p o s s i b l e  t o  improve t h e  
t o t a l - i n t e n s i t y  v a l u e  f o r  
one of t h e  v i b r a t i o n a l  bands. 

Transmission f u n c t i o n s  
were computed d i r e c t l y  by
K . Y a .  Kondrat 'yev and Yu.M. 
Timofeyev [ 1 . 9 1 ]  on t h e  basis 
of  f i n e - s t r u c t u r e  informa
t i o n  t aken  from C1.311. 
These c a l c u l a t i o n s  were used 
t o  i n v e s t i g a t e  t h e  t ransmis
s i o n  f u n c t i o n s  o f  a s e r i e s  
of s p e c t r a l  i n t e r v a l s  as 
func t ions  of  ab sorb inn-sub-
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F i g u r e  5.6.  Comparison o f  Trans
miss ion  Funct ions f o r  t h e  l5-um 
C O 2  Band. 1) u = 0.748 atm-cm, 
p = 0.574 a t m ;  2 )  u = 6.15  a t m 
cm, p = 0.683 a t m ;  3 )  u = 4 6 . 4  
atm-cm, p = 1 . 0  a t m ;  t he  s o l i d  
curves  r e p r e s e n t  exper imenta l
data o f  [40 ] ,  t h e  dashed curves 
c a l c u l a t e d  r e s u l t s  from C451,
and t h e  dot-dash curves r e s u l t s  
ob ta ined  from e m p i r i c a l  formulas 
C 1 ,  761. 1279 

s t a n c e  c o n t e n t ,  p r e s s u r e ,  and tempera ture .  F igu re  5.9 shows an  
example i n  which t h e  r e s u l t s  of these c a l c u l a t i o n s  are compared 
w i t h  c a l c u l a t i o n s  by the quasirandom model [45]. Comparisons of 
t h i s  k ind  i n d i c a t e d  t h a t  good agreement i s  observed i n  some c a s e s ,
but  t h a t  sometimes t h e  d i s c r e p a n c i e s  become a p p r e c i a b l e  a t  low 
p r e s s u r e s  and tempera tures .  Some of  t h e  disagreement may be due 
t o  e r r o r s  o f  t h e  i n t e r p o l a t i o n  t h a t  was necessary  f o r  comparison
of the  data. Comparison of c a l c u l a t i o n s  C1.911 w i t h  exper imenta l
t r a n s m i s s i o n  data [ 4 0 ]  showed good agreement w i t h  experiment ex
cep t  for t h e  r e g i o n  of t h e  &-branch o f  t h e  C 0 2  band. 

T h e o r e t i c a l  s t u d i e s  of  t h e  tempera ture  dependence of the  
t r a n s m i s s i o n  f u n c t i o n  are  of a c e r t a i n  amount o f  i n t e r e s t ,  es
p e c i a l l y  f o r  r e l a t i v e l y  narrow s p e c t r a l  i n t e r v a l s ,  s i n c e  ex
pe r imen ta l  data o f  t h i s  k i n d  are  n o t  a v a i l a b l e .  Such 
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Figure  5.7. Comparison of  Experimental  Transmission Funct ions  [40] 
(1) and Funct ions  Obtained by D i r e c t  Method w i t h  Various Hypothe
s e s  as t o  Line Half-Widths C481: Variable c% ( 2 ) ,  IY, = 0.08 cm-' ( 3 ) ,  
IY, = 0 . 0 6  cm-' ( 4 ) ,  p = 0.02053 a t m ,  u = 6 . 3  atm-cm, T = 300'K. 

TABLE 5.3.  VALUES OF THE EXPONENT m (FORMULA 1 . 4 7 )
FOR SPECTRAL INTERVALS 5 cm-' WIDE I N  THE 15-pm 
CO2 BAND 

Center of interval, cm-l GG9 667,5 691.5 697 703 709 -
n . .  . . . . . . . . .  0,9 -0 1,9 2,9 3,9 4,3 

i n v e s t i g a t i o n s  were made i n  [1 .91] .  T a b l e  5 .3  p r e s e n t s  va lues  o f  
t h e  exponent m (see Formula ( 1 . 4 7 ) ) ,  which pe rmi t s  approximate
c o r r e c t i o n  for t h e  tempera ture  v a r i a t i o n  of  t h e  t r a n s m i s s i o n  func
t i o n  f o r  s p e c t r a l  i n t e r v a l s  under c o n s i d e r a t i o n  f o r  a tmospheric
thermal  sounding. Such data can a l s o  be ob ta ined  w i t h  s a t i s f a c 
t o r y  accuracy  for o t h e r  c a s e s ,  us ing  the  f u n c t i o n s  r11 and n 2  

C1.55, 1 -58] .  

C a l c u l a t i o n s  were made i n  C1.911 f o r  t h e  case  of  an  inhomo- /280 
geneous atmosphere;  t h e  errors of approximate methods f o r  con
s i d e r a t i o n  o f  a tmospher ic  inhomogeneity were a l s o  ana lyzed .  
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Figure  5.8.  Comparison of Experl
mental  Transmission Funct ions  
[40 ]  (1) and Funct ions  Obtained 
by Di rec t  Method w i t h  Various 
Hypotheses as t o  Line H a l f -
Widths [48]. p = 1 atm, u = 
= 1 0 6 . 2  atm-cm, T = 300°K. For 
legend,  see F ig .  5.7.  
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Figure  5.9.  Comparison of 

Transmission Funct ions y f  a 

S p e c t r a l  I n t e r v a l  5 cm- Wide 

a t  v = 703 cm-', as Obtained 

by D i r e c t  Method ( a )  and from 

Quasirandom Model [451 ( b )  . 

T = 300°K. 1) p = 1 0 0 0  mbar ;  

2 )  p = 1 0 0  m b a r ;  3 )  p = 1 0  
mbar.  

S. Drayson made d i r e c t  c a l c u l a t i o n s  of real-atmosphere t r a n s 
miss ion  f u n c t i o n s  s p e c i f i c a l l y  f o r  the  purpose of comparison w i t h  
t r anspa rency  measurements made by D. Murcray and T .  K i e l  u s i n g  an 
a e r o s t a t - c a r r i e d  in s t rumen t  [50]. The i n s t r u m e n t ' s  r e s o l u t i o n  
was a f e w  t e n t h s  o f  a r e c i p r o c a l  Cent imeter  and made i t  p o s s i b l e  
to s e p a r a t e  t h e  i n d i v i d u a l  s p e c t r a l  l i n e s .  The g e n e r a l  s t r u c t u r e  
and r e l a t i v e  l i n e  i n t e n s i t i e s  o f  t h e  t h e o r e t i c a l  and exper imenta l  
s p e c t r a  ag ree  w e l l  except  f o r  d i f f e r e n c e s  observed around 665.1 
and 664.26 cm-'. S .  Drayson [50] no te s  t h a t  t h e s e  d i s c r e p a n c i e s  
can be reduced s u b s t a n t i a l l y  by a n  a p p r o p r i a t e  change i n  t h e  v i 
b r a t i o n a l  energy o f  t h e  h i g h e r - l e v e l  s t a t e  of  one of t h e  bands o f  
t h e  i s o t o p e  12C160170. 

The data c i t e d  i n d i c a t e  t h a t  t r a n s m i s s i o n  f u n c t i o n s  can be 
ob ta ined  w i t h  s a t i s f a c t o r y  accuracy by d i r e c t  c a l c u l a t i o n  methods 
and, i n  a number of c a s e s ,  by t h e  use  of such a d e t a i l e d  model of 
the  a b s o r p t i o n  band as t h e  quasirandom model. However, as w i l l  
be shown i n  5 5  o f  t h i s  c h a p t e r ,  even s m a l l  e r r o r s  i n  a s s i g n i n g
the t r a n s m i s s i o n  f u n c t i o n s  may r e s u l t  i n  a marked i n c r e a s e  i n  
the e r r o r  o f  t empera tu re -p ro f i l e  r e c o n s t r u c t i o n .  T h i s  n e c e s s i 
tates f u r t h e r  e f f o r t s  toward t h e  a c q u i s i t i o n  of even more accu
r a t e  t r a n s f o r m a t i o n  c h a r a c t e r i s t i c s .  

A c e r t a i n  amount of  i n fo rma t ion  on t r ansmiss ion - func t ion  ac
curacy can  be a c q u i r e d  by..Cdmparing measured and c a l c u l a t e d  radia
t i o n  v a l u e s .  T h i s  comparison i s  u s u a l l y  t h e  f i r s t  s t e p  i n  
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i n v e s t i g a t i n g  the p o s s i b i l i t i e s  f o r  s o l u t i o n  o f  an i n v e r s e  prob
l e m .  Indeed,  i f  t h e  measured r a d i a t i o n  v a l u e s  and t h e , t h e o r e t i 
c a l  v a l u e s  ob ta ined  by t h e  use  of t h e  v a r i o u s  t r a n s m i s s i o n  func
t i o n s  d i f f e r  by more t h a n  the  exper imenta l  e r r o r ,  i t  i s  d i f f i c u l t  
t o  expec t  s u c c e s s f u l  s o l u t i o n  of t h e  i n v e r s e  problem. The com
v e r s e  i s  g e n e r a l l y  u n t r u e .  

Indeed,  t h e  r e l a t i o n  

where 6 i s  the  a c c i d e n t a l  measurement e r r o r ,  does n o t  i t s e l f  i n d i  /281 

c a t e  proximi ty  of Ptheor and P. 

F igure  5.10. Comparison of Experi
mental  (1) and T h e o r e t i c a l  ( 2 )
Values of  Outgoing Rad ia t ion  i n  
t h e  15-pm CO2 Band C2.471. 

According t o  t h e  famil
i a r  lemma o f  t h e  c a l c u l u s  
of v a r i a t i o n s ,  i t  fo l lows  
from the  r e l a t i o n  

t h a t  6P(x) = 0 only i f  t h e  
r e l a t i o n  i s  s a t i s f i e d  f o r  
a r b i t r a r y  f u n c t i o n s  $. I n  
t h i s  t e s t i n g  method, t h e r e 
f o r e ,  the  comparison must be  
made under a v a r i e t y  of 
m e t e o r o l o g i c a l  c o n d i t i o n s .  
' theor and a g r e e  a c c i - ,P may 
d e n t a l l y  under only some 
se t s  of measurement condi
t i o n s  as a r e s u l t  o f  com
p e n s a t i o n  of  e r r o r s  a t  var
i o u s  l e v e l s  i n  t h e  atmos
phere.  

A number of  a u t h o r s  have compared exper imenta l  and t h e o r e t i 
c a l  v a l u e s  o f  t h e  outgoing r a d i a t i o n  f l u x e s  C2.47, 91. F igu re
5.10 shows such a comparison f o r  a segment of t h e  15-pm band. 
Rad ia t ion  measurements were made a t  an a l t i t u d e  of 33.5 k m  u s ing  
a Michelson i n t e r f e r o m e t e r  [ 5 l ]  , and t r a n s m i s s i o n  f u n c t i o n s  ob
t a i n e d  by t h e  d i r e c t  method were used i n  t h e  c a l c u l a t i o n s .  A s  we 
see from F ig .  5.10, the  agreement between theo ry  and experiment
i s  good; t h i s  a l s o  i n d i c a t e s  h igh  accuracy of t h e  d i r e c t  c a l c u l a 
t i o n s .  (Here, however, i t  i s  necessary  t o  r e c a l l  t h e  remark made 
above concerning r a d i a t i o n  comparisons.  ) 

Reference [ g ]  compares exper imenta l  and t h e o r e t i c a l  outgoing-
r a d i a t i o n  va lues  by t h e  use  o f  v a r i o u s  t r a n s m i s s i o n  f u n c t i o n s .  /282 
The fo l lowing  t r a n s m i s s i o n  f u n c t i o n s  were used i n  t he  c a l c u l a t i o n s :  
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TABLE 5.4.  COMPARISON OF MEASURED AND CALCULATED 
R A D I A T I O N  VALUES 

_ -
SeDtember 1964

Center of ~-

frequency Measured radiation values I Calculated radiationialues 
interval, Time, h, min 

cm-1 
07 57 -1 ~ TG24 I 15 02 

I D-Y I W-F I S-W-P 
..- . ~ 

(io9 48,3 48.5 
677.5 41,3 41,3 42.3 . 42,2 41.8 41.5 
691,o 40,l 40.1 40,l 40,8 39,9 43.5 
697.O 43.7 43.7 43,2 4t.4 50.2 
703,O 52,2 52,2 51,7 51,l 2:: 60,O 
i O 9 , O  65,O 61,9 G4,3 61,7 65,5 72,s 

. . ~ ~~~ 

Mav 1966 
~1Center of ~ 

frequency Measured radiation values Calculated radiation values 
~~ 

interval, Time, h, min 
cm-1 

0833 I 0910 I 1ouG I I109 
D-Y I W-F I s-W-P 

--. . . I I I I 

I I I I I I 
GG9 52.1 51,O 1 52,5 51,l 52,7 53,l
677.5 46,2 45,7 46,5 45,7 46.1 45.9 
ti91 ,O 42,2 43.0 41.7 43,2 42,5 42,3
C!17,0 43,G 43,8 46.0 44 , l  43,2 42,9 
iO.3 ,O 49,4 50.7 51,.I 50,7 46,7 48,9 
T(Jg,o 59,2 59,9 60.4 59,7 54,a 58,3 

Note. The l e t t e r s  denote  t h e  fo l lowing  t r a n s 
miss ion  f u n c t i o n s :  D-Y) Drayson and Young's func
t i o n ;  W-F) Wark and Fleming 's  f u n c t i o n ;  S-W-P) S t u l l ,  
Wyatt ,  and P lass '  f u n c t i o n .  

t h o s e  of V. S t u l l ,  P. Wyatt, and G .  Plass (S-W-P) [471, S .  Dray-
son and K .  Young ( D - Y ) ,  and D .  Wark and G .  Fleming (W-F) [1.0]. 
An advantageous f e a t u r e  of t h i s  comparison i s  t h e  f a c t  t h a t  i t  
was made f o r  two d i f f e r e n t  ca ses  of o b s e r v a t i o n s  (Table  5 . 4 ) .  I n  
t h e i r  a n a l y s i s  o f  t he  r e s u l t s ,  t h e  a u t h o r s  of [ 9 ]  concluded t h a t  
t h e  S-W-P t#ransmiss ion  f u n c t i o n s  y i e l d  d i s t i n c t l y  h igh  r a d i a t i o n  
v a l u e s ,  which means h igh  t r a n s m i s s i o n  f u n c t i o n s  for t h e  compari
son cases  concerned. C a l c u l a t i o n s  u s i n g  t h e  D-Y and W-F t ransmis
s i o n  f u n c t i o n s  g ive  c l o s e l y  s imilar  r e s u l t s ,  a l though b e t t e r  
agreement between experiment and c a l c u l a t i o n  i s  observed i n  some 
cases  f o r  t h e  D-Y f u n c t i o n s  and i n  o t h e r s  f o r  t h e  W-F f u n c t i o n s .  

The  a b s o r p t i o n  c h a r a c t e r i s t i c s  of t he  carbon d iox ide  band 
a t  X = 4.3 p m  have now a l s o  been s t u d i e d  i n  cons ide rab le  d e t a i l .  
The t o t a l  i n t e n s i t y  of a l l  v i b r a t i o n a l - r o t a t i o n a l  bands i n  t h i s  
r e g i o n  of t he  spectrum ( t h e  fundamental  v 3  bands o f  t h e  molecules  /283
C' 0 2 1 6  and C 1 3 0 2 1 6 ,  the  0 2 ° 0 - 1 0 0 1  band o f  t h e  p r i n c i p a l  i s o t o p e ,
and the  bands cor responding  t o  t r a n s i t i o n s  between e x c i t e d  s t a t e s )
exceeds t h e  t o t a l  i n t e n s i t y  of t he  bands a t  X = 1 5  pm.  I n  p r i n c i 
p l e ,  w i t h  c o n s i d e r a t i o n  o f  t h e  s t r o n g  B y ( T )  dependence i n  t h e  near  
i n f r a r e d ,  t h i s  would p e r m i t  sounding of t he  atmosphere up t o  some
what h i g h e r  a l t i t u d e s .  High-reso lu t ion  t h e o r e t i c a l  c a l c u l a t i o n s  
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Figure  5.11. Comparison o f  Transmission Funct ions  
of the  C O 2  Band a t  A = 4.3 pm. a )  u = 0.649 a t m 
cm, p = 0 . 6 1 4  a t m ;  b )  u = 20 atm-cm, p = 0 . 6  a t m ;  
c )  u = 100  atm-cm, p = 1 . 0  atm; the  s o l i d  curves  
r e p r e s e n t  exper imenta l  data [40] ,  the  dashed curves 
c a l c u l a t e d  data [45], and t h e  dot-dash curves re 
s u l t s  ob ta ined  from e m p i r i c a l  formulas  C1.751. 

have been made by V. S t u l l ,  P .  Wyatt, and G .  Plass [45I and by 
L. 	 Gray and R .  McClatchey [52] .  A quasirandom model and v a r i o u s  
data on t h e  f i n e  s t r u c t u r e  of t h e  a b s o r p t i o n  bands were used i n  
these c a l c u l a t i o n s .  Here w e  p r e s e n t  t h e  r e s u l t s  of  a comparison
made by S.D. Andreyev and A.G.  Pokrovskiy C1.831 o f  t he  c a l c u l a 
t i o n s  of V. S t u l l ,  P.  Wyatt, and G .  Plass accord ing  t o  t h e  quas i -
random model, c a l c u l a t i o n s  based on a n  e m p i r i c a l  method [46], and 



- 

the  exper imenta l  t r a n s m i s s i o n  va lues  [ 4 0 l .  A s  w e  see from F ig .
5.11, data ob ta ined  on t h e  basis  of the  quasirandom model y i e l d
somewhat b e t t e r  accuracy than  e m p i r i c a l  data a t  small c o n t e n t s  
of t h e  absorb ing  g a s .  The  r e v e r s e  i s  observed a t  h igh  va lues .  
C a l c u l a t i o n  by the quasirandom model g i v e s  low t r ansmiss ion  v a l u e s  
i n  t he  wings of t h e  band,  e s p e c i a l l y  i n  t h e  short-wavelength zone. 
T h i s  may r e s u l t  e i t h e r  from t h e  use  of i n c o r r e c t  s p e c t r a l - l i n e  
contours  o r  from e r r o r s  i n  a s s i g n i n g  t h e  f i n e - s t r u c t u r e  parameters .  

F igure  5.12.  Comparison of 
Transmission Funct ions of  Con 
Band a t  A = 4 .3  p m  ( T  = 300°K, 
p = 0.180 a t m ,  u = 0.195 a t m 
cm). 1) Data o f  V .  S t u l l ,  P.  
Wyatt, and G .  Plass C451; 2 )
data of L .  Gray and R .  McClat
chey [52]; 3) exper imenta l
data [ 4 0 ] .  

F igure  5.12 p r e s e n t s  t h e  
mental  t r a n s m i s s i o n  f u n c t i o n s  

F igu re  5.13. Comparison of At
mospheric Transparenc ies  i n  
t h e  C O n  Band a t  A = 4.3 pm. a )
Experimental  data;  b )  t heo r 
e t i c a l  c a l c u l a t i o n  [ 1 4 ] ;  

2 )  p - = 
= 497 mbar ,  8 = 6 9 . 6 O ;  

1) p 

= 245 mbar ,  0 = 65"; 3) p = 
= 18.6 mbar ,  8 = 47.4O. 

r e s u l t s  o f  a comparison of expe r i 
w i t h  t h e  c a l c u l a t i o n s  of  W .  S t u l l ,  

P .  Wyatt, and G .  P l a s s  [45] and L .  Gray  and R .  McClatchey C521. 

W e  no te  t h a t  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  of L. Gray and R .  McClat

chey ag ree  more c l o s e l y  w i t h  experiment t h a n  does t h e  c a l c u l a t i o n  

of [45]. F i g u r e  5 .13 ,  where we have compared t h e  t r a n s m i s s i o n  

f u n c t i o n s  o f  [52] f o r  c a s e s  of r e a l  inhomogeneous atmospheres w i t h  

t h e  measured r e s u l t s  o f  Murcray e t  a l .  [53], a l s o  t e s t i f i e s  to t h e  

high  accuracy of the  c a l c u l a t i o n s  i n  L521. 


L e t  us now examine t h e  a b s o r p t i o n  c h a r a c t e r i s t i c s  of t h e  
microwave r ange .  By v i r t u e  of i t s  symmetry, t h e  oxygen molecule 
does not  have an e l e c t r i c a l  d i p o l e  moment, b u t  i t  does have a con
s t a n t  magnetic moment of two Bohr magnetons. Thus the  oxygen 
spectrum i s  governed by magnetic r a t h e r  t h a n  e l e c t r i c a l  i n t e r a c 
t i o n  w i t h  the  r a d i a t i o n  f i e l d .  Although t h e  p r o b a b i l i t y  of 
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Figure  5.14. T h e o r e t i c a l  Values of  Absorp
t i o n  C o e f f i c i e n t s  i n  0 2  Band a t  Various 
Heights .  

t r a n s i t i o n s  i s  cons ide rab ly  lower i n  t h e  case  of  magnetic t han  i n  
t he  case  of e l e c t r i c a l  i n t e r a c t i o n ,  t h e  h igh  oxygen con ten t  of t h e  
e a r t h ' s  atmosphere r e s u l t s  i n  a p p r e c i a b l e  a b s o r p t i o n  i n  t h e  cor
responding segments of  t h e  spectrum. I n t e r a c t i o n  of t he  magnet ic
d i p o l e  moment w i t h  t h e  r o t a t i o n a l  moment of t h e  molecule  r e s u l t s  
i n  t h e  format ion  of many energy l e v e l s ,  which can be  c h a r a c t e r i z e d  
by t h e  quantum number of t o t a l  momentum J .  The t o t a l  momentum J 
i s  composed of t h e  s p i n  momentum S and the  r o t a t i o n a l  momentum N.  /286
According t o  t h e  s e l e c t i o n  r u l e s ,  t r a n s i t i o n s  between J = N l e v e l s  
and J = N + 1 and J = N - 1 l e v e l s  a r e  a l lowed.  Thus, t h e  oxygen 
spectrum under c o n s i d e r a t i o n  i s  governed by t r a n s i t i o n s  between 
f i n e - s t r u c t u r e  components o f  t h e  same r o t a t i o n a l  l e v e l .  Because 
of  t h e  high r e s o l u t i o n  of modern in s t rumen t s  i n  t he  microwave, use 
of  a b s o r p t i o n  c o e f f i c i e n t s  r a the r  t h a n  t r a n s m i s s i o n  f u n c t i o n s  as 
q u a n t i t a t i v e  char a c t  e r i s t i  c s  of t r a n s  f ormat i  on i s  jus t if ied f o r  
t h i s  r e g i o n .  The s p e c t r a l  l i n e s  governed by t h e  t r a n s i t i o n s  con
s i d e r e d  above are spaced very  c l o s e  t o g e t h e r  i n  t h e  r e g i o n  w i t h  
A J 5 mm, except  f o r  a l i n e  a t  X J 2 . 5  mm. A t  a p r e s s u r e  of about 
1 a t m ,  t h e  l i n e s  a t  X = 5 mm cannot be r e s o l v e d ,  and they  form a 
cont inuous a b s o r p t i o n  r e g i o n  from 4 t o  6 mm. The s p e c t r a l  l i n e s  
can be  r e s o l v e d  a t  low p r e s s u r e s .  F igure  5.14 shows c a l c u l a t e d  
r e s u l t s  f o r  t h e  a b s o r p t i o n  c o e f f i c i e n t s  o f  oxygen a t  va r ious  p re s 
s u r e s  and d e n s i t i e s  of t h e  absorb ing  gases .  The c a l c u l a t i o n s  were 
performed f o r  a Van Vleck-Weisskopf s p e c t r a l  l i n e  contour .  S . A .  
Zhevakin and A.P.  Naumov [55, 561 made e x t e n s i v e  c a l c u l a t i o n s  of  
t h e  oxygen a b s o r p t i o n  c o e f f i c i e n t  f o r  a l i n e  shape ob ta ined  from /287
t h e  k i n e t i c  equa t ion .  F igu re  5.15 compares these c a l c u l a t i o n s  and 



t h o s e  made us1n.g t h e  Van Vleck-Weisskopf contour  w i t h  exper imenta l
a b s o r p t i o n - c o e f f i c i e n t  v a l u e s .  Good agreement between theo ry  and 
experiment i s  observed around resonance f o r  any contour  shape.
Data f o r  t h e  wings of  t h e  band a re  s p o t t y  and do not  permi t  a n  
a l t o g e t h e r  d e f i n i t e  conclus ion  as t o  t h e  contour  shape of t h e  
a b s o r p t i o n  l i n e s .  According t o  r e s u l t s  o f  low-pressure measure
ments and t h e o r e t i c a l  c a l c u l a t i o n s ,  t he  average l i n e  ha l f -wid th  
i s  a/p = 1.95  MHz/mm Hg. Using t h i s  f i g u r e  and t h e  curve o f  l i n e  

, hal f -wid th  as a f u n c t i o n  o f  p r e s s u r e  (a % p )  at a p r e s s u r e  o f  
~ 	 about 1 a t m ,  w e  o b t a i n  a =: 1.35 GHz (0.045 cm-') f o r  a i r  - a va lue  

approximately twice  the  va lue  f o r  h igh  p r e s s u r e s ,  as i n d i c a t e d  by 
a number of  exper imenta l  s t u d i e s  (for example, [54]) .  Empir ica l
methods by which data from measurements a t  h igh  and low p r e s s u r e s  
can be r e c o n c i l e d  are  proposed by M. Meeks and A.  L i l l e y  and C .  
To lbe r t  and A .  S t r a i t o n  C591. I n  a number of  c a s e s ,  use  of  these 
methods has made it p o s s i b l e  t o  o b t a i n  good agreement between 
measured and c a l c u l a t e d  v a l u e s  of  t h e  atmosphere 's  i n t r i n s i c  
emission i n  t h i s  i n t e r v a l  o f  t h e  spectrum. By way of example, 
we p r e s e n t  F ig .  5.16, which has been borrowed from [601.  It com
pa res  measured and c a l c u l a t e d  an tenna  tempera tures .  (Antenna 
tempera ture  i s  a q u a n t i t a t i v e  c h a r a c t e r i s t i c  o f  microwave radia
t i o n  and takes account  o f  t h e  angle  and s p e c t r a l  s e n s i t i v i t y  v a r i a 
t i o n s  o f  t h e  s p e c i f i c  measuring ins t rument  . )  

W e  no te  t h e  p re sence  of nonresonance oxygen a b s o r p t i o n  (yn-r), 
which i s  desc r ibed  i n  most papers  by a n  expres s ion  of  t h e  Debye 
type  d e r i v e d  by Van Vleck and Weisskopf [62 ] .  W e  c i t e  data i n d i 
c a t i n g  t h e  r e l a t i v e  importance o f  t h e  two types  o f  abso rp t ion .
It i s  r e p o r t e d  i n  [55] that t h e  r a t i o s  yn-,/y equa l  0 . 4 ,  0 .007 ,  

0 . 2 ,  and 0 .0007 f o r  A = 2 . 0 ,  0 .5 ,  4.3, and 5 .0  mm, r e s p e c t i v e l y .  

Zeeman s p l i t t i n g  o f  s p e c t r a l  l i n e s  occurs  i n  t h e  ear th ' s  
magnetic f i e l d  as a r e s u l t  o f  ( 2 5  + 1 ) - f o l d  "magnetic" degenera
t i o n  of molecular  energy l e v e l s .  The Zeeman e f f e c t  becomes i m 
p o r t a n t  i n  t h e  atmosphere a t  h e i g h t s  above 40-50 k m  and makes it 
q u i t e  d i f f i c u l t  t o  i n t e r p r e t  r a d i a t i o n  data because of t h e  depen
dence of t h e  t r a n s f o r m a t i o n  c h a r a c t e r i s t i c s  on geographic  coord i 
n a t e s  and p o l a r i z a t i o n .  The  consequences o f  t h e  Zeeman e f f e c t  
are analyzed i n  d e t a i l  i n  t h e  pape r s  o f  W .  Lenoir  c3.132, 631. 

Absorption i n  these r e g i o n s  o f  t h e  spectrum i s  i n f l u e n c e d  /289 
no t  only by t h e  p r i n c i p a l  gases  ( C O 2  o r  0 2 ) ,  b u t  also by o t h e r  
components of t he  atmosphere:  water vapor  , f o r  t h e  l5-pm COn band 
and the oxygen band; H 2 0 ,  C O ,  and N20 i n  t h e  case  of t h e  carbon 
d iox ide  band a t  A = 4.3 pm. T h i s  secondary a b s o r p t i o n  compli
c a t e s  t h e  problem o f  i n t e r p r e t i n g  measured data f o r  de t e rmina t ion  
o f  t he  tempera ture  p r o f i l e ,  because s u b s t a n t i a l  v a r i a t i o n s  are 
observed i n  t h e  d i s t r i b u t i o n  of  t h e s e  absorb ing  gases  i n  t he  a t 
mosphere. To take p r e c i s e  account  of t h e  i n f l u e n c e  of these gases ,  
t h e  problems o f  r e c o n s t r u c t i n g  t h e  atmosphere 's  thermal  p r o f i l e
and composi t ion must b e  so lved  s imul taneous ly .  T h i s  s e t  of  prob
l e m s  i s  so lved  f o r  r e c o n s t r u c t i o n  of t h e  water-vapor d i s t r i b u t i o n  
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F i g u r e  5.15. Comparison of  Ca lcu la t ed  Absorpt ion C o e f f i c i e n t s  w i t h  
Line Shape According t o  the  K i n e t i c  Equat ion [(ak * I a v  = 1.17  MHz/ 

/mm H g ]  (1) and w i t h  Line Shape According t o  Van Vleck-Weisskopf
[ ( c c k f > a v  = 1.39 MHz/mm Hg] ( 2 ) ;  w i t h  Experimental  R e s u l t s  Accord
i n g  to S.A. Zhevakin, V.S. T r o i t s k i y ,  and N.M.  T s e y t l i n  ( 3 ) ;  Ac
cord ing  t o  A . Y e .  Solomonovich and O.M.  Atayev ( 4 ) ;  According t o  
V.P. Las tochkin ,  K.S. S tankevich ,  and K . M .  S t rezhnev  ( 5 ) ;  Accord
i n g  to Artman and Gordon ( 6 ) ;  According t o  Crawford and Hogg ( 7 ) ;
According t o  Lamotte ( L ) ;  Un ive r s i ty  o f  Texas ( T ) .  

and d i scussed  i n  Chapter 6.  Neglect  of  a b s o r p t i o n  by t h e  gases
l i s t e d  above may r e s u l t  i n  s u b s t a n t i a l  e r r o r s  i n  de t e rmina t ion  of 
the  tempera ture  p r o f i l e .  

The a b s o r p t i o n  c o e f f i c i e n t s  o f  water vapor  i n  t he  microwave 
r e g i o n  have been measured and c a l c u l a t e d  by many a u t h o r s .  Re
c e n t l y ,  S.A. Zhevakin and A.P. Naumov C1.36, 48-501 pub l i shed
e x t e n s i v e  c a l c u l a t i o n s  o f  t h i s  c h a r a c t e r i s t i c  and compared t h e  
c a l c u l a t i o n s  w i t h  experiment .  Q u a n t i t a t i v e  t r a n s f o r m a t i o n  char
a c t e r i s t i c s  i n  t h e  r e g i o n  o f  X = 4 pm are examined i n  [45, 521. 
The approach proposed i n  [95] may be used t o  s tudy  the  atmos- /290
p h e r e ' s  a b s o r p t i o n  c h a r a c t e r i s t i c s .  Measurements of t h e  radia
t i o n  i n  the C 0 2  and 0 2  a b s o r p t i o n  bands under v a r i o u s  sets o f  
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F i g u r e  5.16. Comparison o f  T h e o r e t i c a l  (1, 
2 ,  3 )  and Experimental  (5, 6, 7 )  Antenna-
Temperature Values f o r  Various Dis tances  
from t h e  Center  of  t h e  61.151-GHz Line.  O b 
s e r v a t i o n s  a t  t h e  Nadi r .  1, 5) F o r  Av = 200 
MI-Iz; 2, 6) f o r  Av = 60 MYz; 3,  7 )  f o r  Av = 
=, 2 . 0  MHz; 4 )  t empera tu re  d i s t r i b u t i o n  i n  
the  atmosphere.  

me teo ro log ica l  c o n d i t i o n s  make i t  p o s s i b l e  t o  determine t h e  t r a n s 
miss ion- func t ion  d e r i v a t i v e s  of t h e  r ea l  inhomogeneous atmosphere,
assuming that  i t s  thermal  s t r u c t u r e  i s  known. T h i s  r e q u i r e s  s o l u 
t i o n  of the i n v e r s e  problem formula ted  i n  terms of  t he  a b s o r p t i o n
c h a r a c t e r i s t i c s .  

$ 4 .  	 RESULTS O F  NUMERICAL EXPERIMENTS TO DETERMINE THE TEMPERATURE 
PROFILE I N  THE ATMOSPHERE 

Under t h i s  heading,  w e  s h a l l  examine t h e  b a s i c  r e s u l t s  o f  
numerical  experiments  t h a t  have been c a r r i e d  o u t  i n  t he  thermal-
sounding problem. These experiments  have u s u a l l y  been performed 
on a c l o s e d - c i r c u i t  scheme: t h e  thermal  r a d i a t i o n  i s  c a l c u l a t e d  
on t h e  basis o f  a d e f i n e d  model of t h e  atmosphere t ha t  incorpo
rates i n f o r m a t i o n  on the  a tmosphere ' s  t he rma l  s t r u c t u r e  and the  
c o n t e n t s  of  t h e  v a r i o u s  abso rb ing  g a s e s ,  and w i t h  d e f i n i t e  hypo
theses as to t h e  t r a n s m i s s i o n  f u n c t i o n s  or a b s o r p t i o n  c o e f f i 
c i e n t s .  This  r a d i a t i o n  i s  t h e n  used t o  s o l v e  the i n v e r s e  prob
l e m  - r e c o n s t r u c t i o n  of t he  t empera tu re  p r o f i l e .  I n  s t u d i e s  of 
t h i s  t y p e ,  i t  i s  easy  t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  a v a r i e t y
of f a c t o r s  (measurement e r r o r s ,  e r r o r s  i n  a s s i g n i n g  t h e  k e r n e l  of 
t h e  e q u a t i o n ,  radiation-measurement c o n d i t i o n s ,  e t c . )  on the ac
curacy w i t h  which t h e  tempera ture  p r o f i l e  i s  recovered .  A wide 
v a r i e t y  o f  methods have been used here t o  i n t e r p r e t  t he  r a d i a t i o n  
data; t he  most impor t an t  of these were examined i n  $2  of t h e  
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p r e s e n t  chap te r .  The r e s u l t s ,  which w i l l  be  submi t ted  below, have 
p layed  an impor tan t  r o l e  i n  p r a c t i c a l  implementat ion o f  thermal  
sounding, s i n c e  they  have a ided  i n  c l a r i f y i n g  and s o l v i n g  many
problems a s s o c i a t e d  w i t h  i n t e r p r e t a t i o n  of  r a d i a t i o n  data. Fur
t h e r ,  these i n v e s t i g a t i o n s  have made i t  p o s s i b l e  i n  a number of  
ca ses  t o  formula te  c e r t a i n  requi rements  t h a t  must be m e t  by equip
ment designed t o  s o l v e  t h e  problem. 

The f i r s t  numer ica l  experiments  i n  t h e  thermal-sounding prob
lem were performed by J .  King C61, L. Kaplan [7,  261, D .  Wark 
[65], and G .  Yamamoto 1251. Without g i v i n g  de ta i l s  o f  t h e s e  
s t u d i e s ,  which are now o f  pu re ly  h i s t o r i c a l  i n t e r e s t ,  w e  n o t e  only
t h a t  i t  was t h e i r  p r a c t i c a l  examples t h a t  brought  ou t  t h e  i n s t a 
b i l i t y  o f  the problem, a consequence o f  which w a s  t h a t  wi thout  
the  use  of  s p e c i a l  methods, i t  w a s  imposs ib l e  t o  o b t a i n  a sat is
f a c t o r i l y  a c c u r a t e  r e c o n s t r u c t i o n  o f  t h e  s o l u t i o n  i n  t h e  presence
of a c c i d e n t a l  measurement e r r o r s .  

The f i r s t  pape r s  t o  i n d i c a t e  r e a l i s t i c  ways t o  overcome t h e  
d i f f i c u l t i e s  t h a t  a r i se  i n  numerical  s o l u t i o n  of  t h e  problem i n 
cluded those  of D. Wark and H.  Fleming [8]  and M . S .  Malkevich and / 2 9 1  
V . I .  T a t a r s k i y  [111. T h e i r  methods f o r  s o l u t i m  o f  t h e  problem 
were analyzed i n  $2  from t h e  mathematical  s t a n d p o i n t ,  and we s h a l l  
p r e s e n t  only t h e  c a l c u l a t e d  r e s u l t s  h e r e .  

A 8  

5 -

The b a s i c  f e a t u r e s  of  the i n t e r 
p r e t a t i o n  procedure can be  cha rac t e r 
i z e d  a s  f o l l o w s .  The t h e r m a l - s t a t e  
c h a r a c t e r i s t i c s  were sought  i n  t h e  form 
of t h e  d e v i a t i o n s  of t h e  Planck func
t i o n  Bv from t h e  f u n c t i o n s  correspond
i n g  t o  t h e  mean p r o f i l e  f o r  t h e  p a r t i c 
u l a r  l o c a l i t y .  A p r i o r i  s t a t i s t i c a l  
i n fo rma t ion  was a p p l i e d  he re  i n  t h e  
form of an e m p i r i c a l l y  or thogonal  b a s i s ,  
which was used t o  decompose t h e  unknown 
f u n c t i o n .  The a l g o r i t h m  a l s o  provided
f o r  smoothing, w i t h  t h e  smoothing param
e t e r  s e l e c t e d  on the  basis o f  p re l imi 
nary numerical  experiments  a t  va r ious  
l e v e l s  o f0.ut h e  a c c i d e n t a l  measurement 

I 2 e r r o r .  
F igu re  5.17.  E r r o r  o f  
Planck-Function Recon
s t r u c t i o n  as a Func
t i o n  o f  Measurement 
E r r o r  6 (AB z AT f o r  
t h e  15-vm Band). 

Experiments t o  s tudy  t h e  i n f l u e n c e  
of a c c i d e n t a l  measurement e r r o r s  on t h e  
accuracy of  r e c o n s t r u c t i o n  were c a r r i e d  
o u t  f o r  tempera ture  d i s t r i b u t i o n s  per
t a i n i n g  t o  v a r i o u s  geographic  r e g i o n s .
The c a l c u l a t i o n s  made use  o f  weight ing
f u n c t i o n s  (except  f o r  v = 743 em-’) -
t h e  t r ansmiss ion - func t ion  d e r i v a t i v e s  

aP/alog p shown i n  F i g .  5 .1 ,  which p e r t a i n  t o  t h e  15-vm CO2 band. 
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The experiment  d e s c r i b e d  i n  [8] w a s  o r i g i n a l l y  designed f o r  de
t e r m i n a t i o n  of  s t r a t o s p h e r e  tempera ture ,  and only l a t e r  was t h e  
d e c i s i o n  t a k e n  to add more t r a n s p a r e n t  i n t e r v a l s  w i t h  the  purpose
of more e f f e c t i v e  t roposphe re  sounding. F igu re  5.17 p r e s e n t s  
curves  c h a r a c t e r i z i n g  t h e  r e c o n s t r u c t i o n  e r r o r s  (maximum and mean) 
as they  depend on measurement e r r o r s ;  t h e y  were p l o t t e d  by averag
ing data p e r t a i n i n g  to var ious  tempera ture  p r o f i l e s .  A t y p i c a l
f e a t u r e  of  t he  curves  i n  t h i s  f i g u r e  i s  the  f a c t  t ha t  t h e y  o r i g i 
n a t e  from the  p o i n t  ( 0 ,  ABo) r a t h e r  t h a n  ( 0 ,  0 ) .  The va lue  of  
AB0 i s  a c t u a l l y  t he  " n u l l  no i se"  of the a lgo r i thm,  which char
a c t e r i z e s  the  maximum a t t a i n a b l e  accuracy of t empera tu re -p ro f i l e
r e c o n s t r u c t i o n .  Another b e h a v i o r a l  f e a t u r e  of these curves i s  
t h e i r  r e l a t i v e l y  g e n t l e  s l o p e s  ( e s p e c i a l l y  f o r  m), i n d i c a t i n g
s t a b i l i t y  of t h e  s o l u t i o n  a lgo r i thm used for the  i n t e g r a l  equa
t i o n .  

TABLE 5.5.  VALUES OF ERROR-AMPLIFICATION COEFFI
CIENT FOR VARIOUS LEVELS I N  THE ATMOSPHERE 

p mbar . . . . . 1000 850 701) 500 400 300 250 200 150 100 
k 7 (  / ? : : N = : 2 ) .  . 3.1 1 , l  5.3 2,0 1,7 7 , 1  17,2 21.3 8.2 8,s 

k 7 ( n . = 2 , N = : 1 3 )  1,8 I,O 1.4 0,5 1,3 2.3  6,O 8,0 2.6 2,5 

The p r i n c i p a l  f e a t u r e  of t h e  i n t e r p r e t a t i o n  method used by
M.S. Malkevich and V . I .  T a t a r s k i y  [ll] i s  t h e  use o f  an  e m p i r i c a l
or thogonal  basis .  I n  t h e  numerical  experiments  of  these a u t h o r s ,  
t h e  cor responding  a l g e b r a i c  system was s t a b i l i z e d  by us ing  only
t h e  f i r s t  f e w  terms of t h e  unknown-function expansion ( d e v i a t i o n s
of tempera ture  from the  mean p r o f i l e )  i n  t h i s  basis.  I n  [+1], t he  
a u t h o r s  used t h e  fo l lowing  s p e c t r a l  ' i n t e r v a l s  (wid th  2 cm' ) :  6 9 6 ,  
702, 708, 714, 7 3 0 ,  746, 750, and 752 cm-'. To c h a r a c t e r i z e  t h e  
accuracy o f  t empera tu re -p ro f i l e  r e c o n s t r u c t i o n ,  t hey  used an e r r o r  
a m p l i f i c a t i o n  coe f f ic i e n t  

where 6T i s  t h e  root-mean-square e r r o r  o f  r e c o n s t r u c t i o n  of T and 
6f i s  t h e  measurement e r r o r  expressed  i n  degrees  of e f f e c t i v e  t e m 
p e r a t u r e .  

T a b l e  5 .5  p r e s e n t s  v a l u e s  o f  t h i s  c o e f f i c i e n t  for v a r i o u s  
h e i g h t s  i n  the atmosphere.  It shows t h a t  they  become q u i t e  l a r g e
(up to 20), i n d i c a t i n g ,  f i r s t l y ,  great i n s t a b i l i t y  o f  the  cor re
sponding a l g e b r a i c  system, and, secondly ,  t he  need f o r  measure
ments of very h igh  accuracy to a t t a i n  h igh  accuracy i n  t he  t e m 
p e r a t u r e  r e c o n s t r u c t i o n .  

Ampl i f i ca t ion  of  t he  e r r o r  can  be reduced by u s i n g  measure
ments i n  a number N of s p e c t r a l  i n t e r v a l s  t ha t  i s  l a r g e r  t h a n  the 



number n of  basis v e c t o r s .  
I n  t h i s c a s e ,  kT dec reases  
by a f a c t o r  of about  m. 
The data  of [ll] i n d i c a t e  
c e r t a i n  advantages of  t h e  
use  of an  e m p i r i c a l l y  o r 
thogonal  basis as compared
w i t h  a basis t h a t  has no t  
been r e c o n c i l e d  w i t h  t h e  

800 - n a t u r e  of t h e  unknown d i s 
t r i b u t i o n  [25]. 

-10 -8 -;-4 -2 0 2 4 6 7?( T h i s  method (which i s  
sometimes r e f e r r e d  t o  as t h eFigure  5.18. Recons t ruc t ion  of method of  optimum approxima-Temperature P r o f i l e  T '  ( p )  by V . P .  t i o n )  w a s  developed f u r t h e rKozlov's Method. 1) True pro- by V.P.  Kozlov 1133 ( s e e  $2f i l e ;  2 )  r e c o n s t r u c t e d  p r o f i l e .  of t h e  p r e s e n t  c h a p t e r ) .
F igure  5.18 p r e s e n t s  an ex
ample of  t empera tu re -p ro f i l e  /293

r e c o n s t r u c t i o n  f o r  t h e  numerical-experiment c o n d i t i o n s  o f  1113. 
The measurement e r r o r  was q u i t e  small i n  t h i s  c a s e ,  amounting, i n  
degrees  of r a d i a t i o n  tempera ture ,  t o  0 . 4 " .  I n t e r e s t i n g  r e s u l t s  
w i t h  a bea r ing  on optimum measurement c o n d i t i o n s  were ob ta ined  by
V.P.  Kozlov [13] and l a t e r  by I . A .  Gorchakova and V . P .  Kozlov [66].
F i r s t ,  it w a s  shown i n  [131 t h a t  measurements i n  t h e  8 s p e c t r a l
i n t e r v a l s  proposed by M.S. Malkevich and V . I .  T a t a r s k i y  can b e  
used more e f f i c i e n t l y .  Noting tha t  only about 1 0 0  d i f f e r e n t  t e m 
p e r a t u r e  p r o f i l e s  can be d i s t i n g u i s h e d  i n  measurements i n  these 
s p e c t r a l  i n t e r v a l s  w i t h  t h e  e r r o r  i n d i c a t e d  above, V.P .  Kozlov 
shows t h a t  combining ( "g lu ing" )  t h e s e  s p e c t r a l  i n t e r v a l s  i n  a 
c e r t a i n  way i n t o  t h ree  broader  s p e c t r a l  i n t e r v a l s  s i m p l i f i e s  t h e  
experiment on one hand and, on t h e  o t h e r ,  i n c r e a s e s  t h e  informa
t i o n  con ten t  of  t h e  measurements. T h i s  l a s t  f a c t  r e s u l t s  from 
t h e  i n c r e a s e  i n  t h e  s i g n a l / n o i s e  r a t i o  under t h e  c o n d i t i o n s  of t h e  
new measurements. For  example, i t  i s  p o s s i b l e  t o  d i s t i n g u i s h  
more t h a n  200 tempera ture  p r o f i l e s  under t h e s e  c o n d i t i o n s  and 
w i t h  t h e  same measurement e r r o r .  

A paper  by I . A .  Gorchakova and V.P .  Kozlov 1661 ana lyzes  a 
segment of t he  band a t  X = 1 5  v m  (683-777 cm-'1. Transmission 
f u n c t i o n s  were a s s i g n e d  f o r  t h i s  i n t e r v a l  w i t h  a r e s o l u t i o n  o f  
2 cm-l. F i r s t ,  i t  was shown t h a t  f o r  a d e t e c t o r  t h r e s h o l d  s e n s i 
t i v i t y  o f  t he  o r d e r  of lo-' W ,  i t  i s  p o s s i b l e  t o  o b t a i n  informa
. t i o n  only on t h e  f i r s t  two c o e f f i c i e n t s  i n  t h e  expansion of  t h e  
unknown tempera ture  p r o f i l e .  The optimum s p e c t r a l  i n t e r v a l s  are  
s e l e c t e d  on t h e  basis of  an a n a l y s i s  of t h e  rows of t h e  cor re- /29 4 
sponding ma t r ix  1131, two of whose rows appear  i n  F ig .  5.19. It 
can b e  shown on t h e  b a s i s  of t h e s e  d a t a  and estimates of informa
t i o n  con ten t  tha t  t h e  optimum measuring system f o r  t h i s  case  w i l l  
be  .a system c o n s i s t i n g  o f  two r a d i a t i o n  d e t e c t o r s ,  one of  which 
r e g i s t e r s  t h e  r a d i a t i o n  w i t h i n  t h e  683-753-cm-l segment of  t h e  
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F i g u r e  5.19. Method o f  S e l e c t i n g  Optimum
Measurement Condit ions According t o  V.P. 
Kozlov. 1, 2 )  F i r s t  two rows o f  the co r re 
sponding ma t r ix ,  which permi t  l o c a l i z a 
t i o n  of  t h e  measurement s p e c t r a l  i n t e r v a l s .  

spectrum, wh i l e  t h e  o t h e r  s enses  i t  i n  t h e  755-777-cm-' r ange  ( t h e
boundary between them i s  determined by t h e  n u l l  passage  of t h e  
second-row elements  [66 ] ) .  The c a l c u l a t i o n s  show that  the  e f f e c 
t i v e n e s s  of t h i s  optimum two-channel system i s  about 20 times t h a t  
of a system des igned  t o  r e g i s t e r  the spectrum w i t h  h igh  r e s o l u 
t i o n  (48  d i f f e r e n t  channe l s ) .  (The  r e s p e c t i v e  volumes of i n f o r 
mation are V P  = 196  and v48 = 11.) T h i s  i s  because t h e  narrow 
i n t e r v a l s  t ha t  compose one of t h e  combined segments i n t r o d u c e  
almost no independent  i n fo rma t ion  on t h e  tempera ture  d i s t r i b u t i o n .  
A s  a r e s u l t ,  combination o f  t h e i r  e n e r g i e s  r e s u l t s  i n  an  e f f e c t i v e  
i n c r e a s e  i n  t h e  s i g n a l / n o i s e  r a t i o .  These r e s u l t s  i n d i c a t e  that  
when a s t a t i s t i c a l  method i s  used f o r  i n t e r p r e t a t i o n  of t he  data,
i t  i s  advantageous t o  measure t h e  r a d i a t i o n  i n  comparat ively broad  
s p e c t r a l  i n t e r v a l s  ( i n  c o n t r a s t  t o  t h e  measurement c o n d i t i o n s  f o r  
data r e d u c t i o n  by D .  Wark and H.  F leming ' s  method [8] ,  which i s  
analyzed i n  [23]) .  We no te  i n  conclus ion  tha t  i t  i s  desirable  t o  
make t h i s  a n a l y s i s  for the  e n t i r e  15-vm band. It i s  a l s o  neces
s a r y  t o  s tudy  t h e  q u e s t i o n  of t h e  s e a s o n a l  and geographic  v a r i a 
b i l i t y  o f  t h e  optimum measurement c o n d i t i o n s .  

T h i s  l a s t  q u e s t i o n  r e q u i r e s  s p e c i a l  examinat ion.  The depen
dence o f  optimum measurement c o n d i t i o n s  on geographic  l o c a t i o n ,  
t i m e ,  and c l o u d i n e s s ,  which i s  re la ted  t o  t h e  dependence of t he  
tempera ture  c o r r e l a t i o n  ma t r i ces  on these f a c t o r s ,  i s  c h a r a c t e r 
i s t i c  no t  on ly  f o r  V.P.  Kozlov's method f o r  s e l e c t i o n  of measure
ment c o n d i t i o n s ,  b u t  a l s o  f o r  otheS methods [35, 3 6 1  tha t  use  
data on the s t a t i s t i c a l  s t r u c t u r e  o f  the  tempera ture  f i e l d .  T h i s  
means t ha t  a s a t e l l i t e  in s t rumen t  des igned  f o r  thermal  sounding 



must have v a r i a b l e  c h a r a c t e r i s t i c s .  N a t u r a l l y ,  t h e  des ign  and 
o p e r a t i o n  of such in s t rumen t s  c o n s t i t u t e s  a complex problem. On 
the o t h e r  hand, i f  t h e  dependence of optimum measurement condi
t i o n s  on the form o f  t h e  c o r r e l a t i o n  l i n k s  i s  r e l a t i v e l y  weak, 
i t  i s  advantageous t o  use  optimum measurement c o n d i t i o n s  ob ta ined  
by use  of c e r t a i n  averaged c o r r e l a t i o n  m a t r i c e s .  However, t h i s  
problem r e q u i r e s  s p e c i a l  s t u d y .  A t t e n t i o n  must a l s o  be  drawn t o  
the  f a c t  t h a t  cases  i n  which V.P.  Kozlov's method does not  work 
e f f e c t i v e l y  are p o s s i b l e  w i t h  t h i s  approach. A s  w e  know, t h e  
i n v e r s e  o p e r a t o r  i s  s t a b i l i z e d  i n  t h i s  method by c u t t i n g  o f f  the 
s e r i e s  on the  basis o f  a n a l y s i s  of t h e  a p r i o r i  r e g i o n  of t h e  ex
pec ted  s o l u t i o n .  I f  an average ( o v e r  t ime and space )  c o r r e l a t i o n  
ma t r ix  i s  used f o r  s e l e c t i o n  of  measurement c o n d i t i o n s ,  c e r t a i n  
measurement r anges  may, i n  p r i n c i p l e ,  be supe r f luous  i n  a c t u a l  
r e d u c t i o n  of  t h e  data ,  s o  t h a t  t h e  cor responding  l i n e a r  system
becomes u n s t a b l e .  We n o t e  i n  t h i s  con tex t  t h a t  O . M .  Pokrovskiy 's
a lgo r i thm ( s e e  §2), which i s  based on a n a l y s i s  o f  a c t u a l  radia
t i o n  measurements w i t h  c o n s i d e r a t i o n  of t h e  s t a t i s t i c a l  n a t u r e  of 
t h e  e r r o r s  and in fo rma t ion  on t h e  expec ted  r e g i o n  of t h e  so lu 
t i o n s ,  may have c e r t a i n  advantages.  

For example, w e  might propose a t o t a l l y  d i f f e r e n t  s o l u t i o n  
o f  t h i s  problem based on measured r a d i a t i o n  data f o r  t h e  e n t i r e  
a b s o r p t i o n  band. I n  t h i s  c a s e ,  r a d i a t i o n  i n  c e r t a i n  i n t e r v a l s  i s  
t o  be  t aken  i n t o  account  i n  d a t a  i n t e r p r e t a t i o n  i n  accordance w i t h  
t h e  optimum measurement cond i t ions  f o r  t h e  p a r t i c u l a r  geograph ica l
l o c a t i o n  and t ime,  and as a f u n c t i o n  of t he  observed measurement-
e r r o r .  l e v e  1. 

Rather  de t a i l ed  a p r i o r i  i n fo rma t ion  on the  unknown f u n c t i o n  
- t he  mean p r o f i l e  and t h e  c o r r e l a t i o n  ma t r i ces  - w a s  used i n  t h e  
numerical-experiment examples cons idered  above. However, t h i s  
in fo rma t ion  has  been used d i f f e r e n t l y  i n  d i f f e r e n t  methods. V .F .  
Turchin and V.Z.  Nozik E341 cons idered  t h e  same example of numeri
c a l  t e m p e r a t u r e - d i s t r i b u t i o n  r e c o n s t r u c t i o n  a s  t h a t  i n  Ell]. The 
r e s u l t s  of a l l  t h e s e  i n v e s t i g a t i o n s  have not  y e t  been compared,
and i t  i s  t h e r e f o r e  imposs ib le  t o  i n f e r  t h e  s u p e r i o r i t y  of any / 2 9 6  
of  them. 

A number of s t u d i e s  have used t h e  r e g u l a r i z a t i o n  method w i t h  
r a t h e r  g e n e r a l  a p r i o r i  hypotheses  as t o  t he  unknown f u n c t i o n  
(smoothness,  boundedness) .  For  example, V.B.  Glasko and Yu.M. 
Timofeyev [5,  671 performed e x t e n s i v e  numerical  experiments  t o 
ward t h i s  kind o f  s o l u t i o n  of t h e  thermal-sounding problem. These 
papers  cons idered  a somewhat i d e a l i z e d  c a s e  of  tempera ture  sound
i n g  t h a t  can be c h a r a c t e r i z e d  by  t h e  fo l lowing  hypotheses  : 

1) i t  i s  assumed t h a t  t h e  s p e c t r a l  curve of  t h e  outgoing
thermal r a d i a t i o n  i n  t h e  contour  of an i s o l a t e d  Lorentz  l i n e  i s  
known ; 

2 )  t h e  i n t e n s i t y  and half-width o f  t h e  l i n e  do not  depend on 
t h e  unknown tempera ture  d i s t r i b u t i o n ,  and t h e  d i s t r i b u t i o n  of t h e  
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absorb ing  subs t ance  i s  known; 

3 )  t h e  data necessary  to elim
i n a t e  t h e  c o n t r i b u t i o n  of t h e  under
l y i n g  s u r f a c e  from t h e  r e g i s t e r e d
r a d i a t i o n  are  a v a i l a b l e .  

Despi te  i t s  i d e a l i z e d  char
a c t e r ,  t h i s  c a s e  of t he rma l  sound
i n g  has a l l  of t h e  b a s i c  f e a t u r e s  
of t h e  problem of thermal  sounding 
w i t h  t h e  aid o f  r a d i a t i o n  measure
ments made i n  f i n i t e  s p e c t r a l  i n 
t e r v a l s .  T h i s  can  b e  s e e n  i n  F ig .  
5 . 2 0 ,  which w e  have borrowed f r o m  
[8] .  T h i s  f i g u r e  compares t h e  
k e r n e l s  of t h e  cor responding  i n t e 
g r a l  equa t ions  f o r  v a r i o u s  hypo
t h e s e s  as to t h e  t r a n s m i s s i o n  func
t i o n s .  We a l s o  n o t e  t h a t  a s i t u a 
t i o n  s imilar  to t h a t  cons idered  i n  
[ 5 ,  671 i s  observed i n  t h e  micro
wave r e g i o n  of t h e  spectrum, where 
contemporary in s t rumen t  r e s o l u t i o n  
makes i t  p o s s i b l e  t o  measure w i t h 
i n  the  contour  of a s p e c t r a l  l i n e .  

With t h e  above hypotheses ,
t h e  corresponding i n t e g r a l  equa
t i o n  can be w r i t t e n  

U ( x ) :- J ( x )  - R ( t o ) P ( x ,!io)= B ( 5 )  ( x ,  E )  4, 

x = 2 y  - y0' 
E--	 P (5 .55 )

PI ' 

where J ( x )  i s  t h e  measured radia
t i o n  and B(�,o)*P(x, 5 0 )  i s  t h e  
c o n t r i b u t i o n  o f  t h e  under ly ing  su r 
f a c e  t o  t h e  r a d i a t i o n ,  

p, mbar 

, *oov  . . I / 2 9 7-0 0,s i,O d P / d l W p )  

Figure  5.20. Comparison of 
Kernels  of  I n t e g r a l  Equa
t i o n s  Corresponding to 
Various Measurement Condi
t i o n s .  A )  Measurement of 
monochromatic r a d i a t i o n  
i n  wing of Lorentz  l i n e ;  
B )  measurements of mono
chromatic r a d i a t i o n  i n  t h e  
contour  of t h e  Lorentz  
l i n e ,  v - v o  = a ( 1 0 0
m b a r ) ;  D) measurements i n  
s p e c t r a l  i n t e r v a l  w i t h  
cons t an t  a b s o r p t i o n  coef 
f i c i e n t ;  C )  k e r n e l  cor re
sponding to t r ansmiss ion  
f u n c t i o n  o f  E l s a s s e r  
model. 

a1 i s  the  ha l f -wid th  of t h e  s p e c t r a l  l i n e  a t  p r e s s u r e  p1  ( p l  = 1 0  
m b a r ) ,  and y i s  a parameter  l i n e a r l y  re la ted  to l i n e  i n t e n s i t y  and 
the  volume c o n c e n t r a t i o n  of t h e  absorb ing  gas .  

The numer ica l  experiments  were performed w i t h  t h e  fo l lowing
f u n c t i o n s  : 

I 



R, (E) ::z 70-!-3.5&E)*, 

which d e s c r i b e  t he  p o s s i b l e  a tmospher ic  t empera tu re  d i s t r i b u t i o n s  
r a the r  w e l l .  The i n f l u e n c e  o f  many f a c t o r s  on t h e  accuracy o f  
s o l u t i o n  r e c o n s t r u c t i o n  was i n v e s t i g a t e d  i n  s o l v i n g  Eq.  (5 .55 ) :
s e l e c t i o n  of t h e  approximating n e t s ,  t he  r ange  of  measurement of 
the  f u n c t i o n  J ( x ) ,  ass ignment  of  boundary c o n d i t i o n s ,  number of 
r a d i a t i o n  measurements, e t c .  We n o t e  tha t  t h e  accuracy  of recon
s t r u c t i o n  was found t o  depend s t r o n g l y  on the  p o s i t i o n i n g  of 
measurement f r e q u e n c i e s  w i t h i n  the  s p e c t r a l - l i n e  con tour .  Ap
p r o p r i a t e  s e l e c t i o n  of the  approximating n e t s  p e r m i t t e d  recon
s t r u c t i o n  w i t h  s e v e r a l  t i m e s  the  accuracy o b t a i n e d  when uniform 
n e t s  were used. 

TABLE 5.6. INFLUENCE O F  ACCIDENTAL MEASUREMENT 
ERRORS ON ACCURACY OF RECONSTRUCTION O F  B, 

I 	 10-2 
10-1 

1 	 100 
10 
10-2 


50 	 10-1 
100 
10 

1 1,93 1.75 
1,99 1 1,79
6.35 2.79 
5G;O- 10;7
0,625 0,573
0,657 0,690 
1.68 1 , 1 1  
6,09 4,09 

a. I 
10-2 I 3,29 1.92 
10-1 3,36 1,91

3.51 1,7G:8" I 5.59 3,18 

8 2  
10-2 2.37 2.10 
10-1 '2.42 2,lO
Io0 2.93 2,431 
10 8,79 8,33

15.40 


The i n f l u e n c e  of a c c i d e n t a l  measurement e r r o r s  was s t u d i e d ,  
u s ing  as the  f u n c t i o n  U(x) 

and I n k )  i s  a random v a r i a b l e  w i t h  uniform d i s t r i b u t i o n  on 1-1, 11, 
and 6 i s  the  root-mean-square d e v i a t i o n  of c < x )  from U(x) .  

Table 5.6 shows how &r=JllaxIBQ(�ij--((j~)I depends on 6 for cer -
I 

t a i n  numerical-experiment c o n d i t i o n s .  
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3. 6 0 t  , 
1 1 . 1 - A  I I I I I 

0 - 20 40 60 80 roo F 
Figure  5.21. Recons t ruc t ion  of 
Funct ion  B 2 ( E )  f o r  Var ious  Values  
of Acc iden ta l  Measurement E r r o r .  
1) Exact s o l u t i o n ;  2 )  w i t h  6 = 
= 1.0erg /cm2=sec-s r*cm-l ;  3 )
w i t h  6 = 1 0  e rg /cm2*sec=sr=cm”.  

F i g u r e  5 . 2 1  p r e s e n t s  a t y p i c a l
example of  r e c o n s t r u c t i o n  of t h e  
p r o f i , l e  B 2 ( 5 )  f o r  v a r i o u s  

F igu re  5.22. Reconstruc
t i o n  E r r o r s  as Funct ions  o f  
Acc iden ta l  Radiation-Meas
urement E r r o r s .  1) F o r  ex
a c t  ass ignment  of equa t ion
k e r n e l ;  2 )  for assignment
of k e r n e l  w i t h  an e r r o r  
(see $ 5  of t h i s  c h a p t e r ) .  

measurement-error l e v e l s .  

We no te  t h a t  E * ,  which c h a r a c t e r i z e s  t h e  t h e o r e t i c a l  recon
s t r u c t i o n  e r r o r  ( t h a t  ob ta ined  for a known f u n c t i o n  B), i s  g iven
f o r  comparison w i t h  E ( t h e  quasioptimum va lue  a0 o f  the r e g u l a r 
i z a t i o n  parameter  w a s  s e l e c t e d  from the  a lgo r i thm d e s c r i b e d  in 
§2 of t h i s  c h a p t e r ) .  T h i s  comparison enab le s  us t o  judge  t h e  
e f f e c t i v e n e s s  of app ly ing  t h e  s e l e c t i o n  a lgo r i thm f o r  quasioptimum
approximations t o  t he  s o l u t i o n .  

8# -/50 
- 1  
---2 

s 


50 I I 

0 ’  50 100a 
F i g u r e  5.23. I n f l u e n c e  of Boundary-Condition
Assignment on Recons t ruc t ion  Accuracy o f  t h e  
Funct ion  B l ( 6 ) ;  y = 50, d =1.0. 1) Exact s o l u 
t i o n ;  2 )  w i t h  known boundary v a l u e s ;  3 )  B(100)
unknown; 4 )  B ( 1 )  and B(100) unknown. 
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We used the same r e g u l a r i g a t i o n  method and t h e  same method 
f o r  s e l e c t i o n  o f  t h e  quasioptimum s o l u t i o n  i n  numerical  expe r i 
ments w i t h  r ea l  k e r n e l s  (F ig .  5 . 1 ) .  F i g u r e  5 . 2 2  p r e s e n t s  d a t a  
c h a r a c t e r i z i n g  t h e  r ep roduc t ion  e r r o r s  as they  depend on a c c i 
d e n t a l  e r r o r s  o f  measurement (ABmax i s  the  maximum d e v i a t i o n  from 
t h e  t r u e  p r o f i l e  and aB i s  t h e  s t a n d a r d  d e i v a t i o n  o f  t h e  recon
s t r u c t i o n  e r r o r ) .  T h i s  f i g u r e  has  about t h e  same f e a t u r e s  as F i g .
5.17: a lgo r i thm n u l l  n o i s e  and a r e l a t i v e l y  weak dependence of  t h e  
r e c o n s t r u c t i o n  e r r o r s  on t h e  measurement e r r o r s .  

The i n f l u e n c e  of the  type  o f  boundary c o n d i t i o n s  on recon- 1 2 9 9  
s t r u c t i o n  accuracy has  been s t u d i e d  i n  a number of pape r s .  F igu re
5.23 shows an example i n  which t h e  f u n c t i o n  B 1 ( S )  i s  r e c o n s t r u c t e d  
w i t h  va r ious  boundary c o n d i t i o n s .  A s  we s e e  from t h e  f i g u r e ,  use 
of the  t r i v i a l  boundary c o n d i t i o n s  aB/aE = 0 d i s t o r t s  the s o l u t i o n  
conspicuously i n  t h e  neighborhood of  t h e  boundary p o i n t s .  For  
t h i s  ca se ,  thermal  s t r u c t u r e  can b e  r e c o n s t r u c t e d  a c c u r a t e l y  w i t h  
independent  under ly ing-sur face- tempera ture  de t e rmina t ions .  

I n  a d e p a r t u r e  from t h e  methods examined above, W .  Smith C69,
701  determines t h e  t r o p o s p h e r i c  tempera ture  p r o f i l e  w i t h  extremely
r i g i d  requirements  imposed on t h e  unknown p r o f i l e .  It i s  assumed /300 
t h a t  t h e  unknown f u n c t i o n s  be long  t o  a three-parameter  family o f  
curves  of  t h e  form 

T (y )  == CI-1- c, 1I1 -P , pc <p <Po.Po 

. = c1-4 - c, I n  -P C  -j- c, In -P , pi <p <pc . (5 .59 )~ ( p )  PO Pc 

Here pc i s  t h e  l e v e l  s e p a r a t i n g  two atmospheric  l a y e r s  w i t h  con
s t a n t  tempera ture  g r a d i e n t s ,  C I ,  C P ,  and c3 a r e  unknown parameters,
c1 = T ( p o ) ,  and p ( t >  i s  t h e  p r e s s u r e  a t  t ropopause  l e v e l .  

The l e v e l  p, i s  found from t h e  c o n d i t i o n  
42 IJmsr(A.+)-J~~~( A V ~ ,pc)j27- - min, 

1 -.:1 

where Jmsr a r e  t h e  measured r a d i a t i o n  va lues  i n  the it& s p e c t r a l  
i n t e r v a l  (i = 1, 2 ,  3 ,  4) and Jclc(Avi,  p c )  are the  c a l c u l a t e d  
va lues  i n  t h e  same s p e c t r a l  i n t e r v a l  f o r  v a r i o u s p r e s s u r e s  pc.  

The overdef ined  equa t ion  system ( f o u r  s p e c t r a l  i n t e r v a l s ,  
t h r e e  unknown c o e f f i c i e n t s  c . ) ,  which approximates  t h e  r e a l  i n t e -

J 
g r a l  equa t ion ,  i s  so lved  by t h e  method o f  l e a s t  squa res  us ing
smoothing a lgo r i thms .  S m i t h ' s  f i r s t  paper  [ 6 9 ]  proposed t h a t  t h e  
problem be so lved  by a n  i t e r a t i o n  method based on s u c c e s s i v e  com
p a r i s o n s  o f  c a l c u l a t e d  r a d i a t i o n  v a l u e s  wi th  v a l u e s  measured i n  /301 



v a r i o u s  s p e c t r a l  i n t e r v a l s .  S m i t h ' s  papers  concen t r a t e  a t t e n t i o n  
on cases  i n  which data from r e a l  measurements a r e  i n t e r p r e t e d .
The r e s u l t s  ob ta ined  w i t h  S m i t h ' s  method w i l l  be  cons idered  i n  $7 
of t h i s  chap te r .  

T .L .  B a r n e t t  [ 7 l ]  proposed t h a t  t h e  v e r t i c a l  t empera ture
p r o f i l e  be found by u s i n g  a program for optimum root-mean-square
e s t i m a t i o n  of t h e  n o n l i n e a r  parameters  C721. One d i s t i n c t i v e  
f e a t u r e  of t h i s  program i s  t h e  f a c t  tha t  bo th  t h e  tempera ture
and h e i g h t  a t  which t h e  s o l u t i o n  i s  sought  are v a r i e d  i n  t h e  proc
ess of s e l e c t i n g  t h e  s o l u t i o n .  I n  B a r n e t t ' s  numerical  experiments,  
t h e  tempera ture  p r o f i l e  w a s  a s s i g n e d  by n i n e  parameters :  t h e  v a l u e  
of T on t h e  ground s u r f a c e  and f o u r  (T ,  z )  p a i r s .  Twelve i n t e n 
s i t y  va lues  i n  t h e  range  from 525 to 670 cm-' were used i n  t h e  
c a l c u l a t i o n s .  The q u a n t i t y  

where Jmsr(vi) and J c l c ( v i )  a r e  t h e  i n t e n s i t i e s  measured by t h e  

ins t rument  and c a l c u l a t e d  t h e o r e t i c a l l y  on t h e  b a s i s  of  t h e  ac
q u i r e d  tempera ture  p r o f i l e ,  was minimized i n  each i t e r a t i o n .  

I n  t h e  case  of a b s o l u t e l y  a c c u r a t e  measurements, t h e  roo t 
mean-square e r r o r  o f  r e c o n s t r u c t i o n  o f  t h e  T ( z )  p r o f i l e s  v a r i e s  
from 1.1 to 3 . 7 O .  The i n f l u e n c e  of a c c i d e n t a l  measurement e r r o r s  
and e r r o r s  i n  a s s i g n i n g  t h e  k e r n e l  of t h e  equa t ion  on the  accuracy
of t empera ture  r e c o n s t r u c t i o n  w a s  no t  i n v e s t i g a t e d  i n  C711, s o  
t h a t  no i n f e r e n c e s  can be  drawn as t o  t he  p r o s p e c t s  o f  t h e  method 
f o r  i n t e r p r e t a t i o n  of r ea l  r a d i a t i o n  measurements. 

Let us cons ide r  a s tudy  made for t h e  band a t  X = 4.3 pm.
S e v e r a l  s p e c i f i c  methods have been e l a b o r a t e d  f o r  s o l u t i o n  of 
t he  thermal-sounding problem by i n t e r p r e t i n g  data from r a d i a t i o n  
measurements i n  t h i s  band, bu t  t h i s  does not  u l t i m a t e l y  s i g n i f y
t h a t  i t  i s  imposs ib le  t o  use  t h e  i n t e r p r e t a t i o n  methods examined 
above. It i s  a l s o  necessary  to cons ide r  t h e  p e c u l i a r i t i e s  of t h e  
nea r  i n f r a r e d ,  e . g . ,  t h e  s t r o n g  tempera ture  dependence of black
body r a d i a t i o n  i n  t h i s  r e g i o n .  I n  view of t h i s  f a c t ,  R .  McClat
chey E 1 4 1  proposed an i n t e r p r e t a t i o n  method t h a t  was o r i g i n a l l y
designed f o r  i n t e r p r e t a t i o n  of measured the rma l - r ad ia t ion  data 
for o t h e r  p l a n e t s .  The a p r i o r i  i n fo rma t ion  on t h e  unknown func
t i o n  must obvious ly  be  l i m i t e d  r n  t h i s  case ,  and McClatchey's
method cannot be based on t h e  s t a t i s t i c a l  approaches t ha t  are 
n a t u r a l  i n  s o l v i n g  the  thermal-sounding problem for the  ear th ' s  
atmosphere.  

I n  approximation,  t h e  fo l lowing  equa t ion  system can be sub- /302
s t i t u t e d  for t h e  cor responding  i n t e g r a l  equa t ion :  

IL -



dB ( v  T ' )  
2J ( Y J  ==J I(v,) -.lms(~,)=~ dT1cWl1 &Ti,i 

. . . . . . . . . . . . . . . . . . . . . . . .  


where t h e  Jmsr(vi) are  t h e  measured r a d i a t i o n  values  i n  the  i t h
s p e c t r a l  i n t e r v a l  and t h e  J1 are t h e  c a l c u l a t e d  v a l u e s  correspond-

T '  o f  the  unknown tempera ture  proing t o  t h e  f i r s t  approximation
file. 
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Figure  5.24. Recon
s t r u c t i o n  of Tempera
t u r e  P r o f i l e  by McClat
chey Method w i t h  5% 
Sys temat ic  Measurement
Error. I) True p r o f i l e ;
2) f i rs t  approximation;  
3) r e c o n s t r u c t e d  pro
f i l e .  
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F i g u r e  5.25. Recon
st r u c t  i o n  of Tempera
t u r e  P r o f i l e  by McClat
chey Method f o r  2% Ac
cident  a1 Me asu r  ement 
E r r o r .  For legend,  see 
Fig .  5 . 2 4 .  

After  de t e rmina t ion  of {6T 'i Ini=1' t h e  s o l u t i o n  i s  r epea ted  f o r  
t h e  new approximation T2 and improved weights  w 2 i  and d e r i v a t i v e s  

-
d13 (\ljT?)-___.. . (The weight w i n c o r p o r a t e s  t h e  t r a n s f o r m a t i o n  

dTi 



c h a r a c t e r i s t i c s ,  which depend g e n e r a l l y  on t h e  unknown tempera
t u r e  d i s t r i b u t i o n . )  The smoothing method of [l4] i s  used i n  a 
conc re t e  s o l u t i o n .  R .  McClatchey showed t h a t  t h e  a lgo r i thm de
s c r i b e d  makes i t  p o s s i b l e  t o  o b t a i n  a s o l u t i o n  t ha t  converges to 
ward the  t r u e  t empera tu re  p r o f i l e  i f  t h e  f i r s t  approximation i s  
" w a r m e r "  (or no more t h a n  8% "coo le r " )  t h a n  t h e  tempera ture  pro
f i l e  observed i n  r e a l i t y .  We n o t e  t h a t  use  of a f i r s t  approxima
t i o n  t h a t  meets t h i s  c o n d i t i o n  b u t  d e p a r t s  widely from t h e  t r u e  
p r o f i l e  r e s u l t s  i n  slow convergence of t h e  i t e r a t i o n  p r o c e s s .
F i g u r e s  5.24 and 5.25 show examples of numerical  temperature
p r o f i l e - r e c o n s t r u c t i o n  experiments  u s ing  t h i s  method w i t h  v a r i o u s  
measurement e r r o r s .  McClatchey r e p o r t s  t h a t  a sys t ema t i c  measure
ment e r r o r  of about 5% r e s u l t s  i n  r e c o n s t r u c t i o n  e r r o r s  of 2-3O. 
Acc iden ta l  measurement e r r o r s  of  2% produce approximately the same 
e r r o r .  T h i s  r e l a t i v e l y  weak dependence of t h e  tempera ture-prof i le 
r e c o n s t r u c t i o n  e r r o r  on t h e  measurement e r r o r s  i s  due t o  t h e  
s t r o n g  tempera ture  dependence of t h e  f u n c t i o n  B v ( T ) .  

Chahine [lo] proposed a unique method for i n t e r p r e t a t i o n  of 
measured r a d i a t i o n  data for t h e  band a t  X = 4 . 3  um.  Chahine re
duces t h e  thermal-sounding problem t o  d i s c r e t e - l e v e l  determina
t i o n s  of  a f u n c t i o n  X ( T ) ,  which d e s c r i b e s  t h e  b a s i c  p a r t  of t h e  
tempera ture  dependence of  t h e  Planck f u n c t i o n  ( s e e  page 224).
A f t e r  s e l e c t i o n  of t h e  ze ro th  approximation of t h e  unknown tem
p e r a t u r e  p r o f i l e ,  he makes use  of an i t e r a t i o n  process  based on 
t h e  r e l a x a t i o n  r e l a t i o n s h i p  

where Xin i s  t h e  v a l u e  of t h e  f u n c t i o n  ob ta ined  a t  l e v e l  1. i n  t h e  
n t h- s t e p ,  Ji i s  t h e  r a d i a t i o n  measured i n  t h e  i t h- s p e c t r a l  i n t e r -
V a l ,  and Jin-1 i s  t h e  r a d i a t i o n  c a l c u l a t e d  for t h e  same i n t e r v a l  
on t h e  basis of t h e  ( n - 1 ) t h- approximation of t h e  tempera ture  pro
f i l e .  

Ten i n t e r v a l s  i n  t h e  4.3-pm C O P  band were s e l e c t e d  f o r  t h e  
numerical  experiment ( c e n t e r s  of i n t e r v a l s :  2180, 2235, 2245, 2260, 
2290, 2295, 2305, 2315, 2360, 2370 cm-'). The  tempera ture  was 
sought  a t  1 0  l e v e l s  for pi/po va lues  of 1 . 0 ,  0.85, 0.60, 0.20, 
0.10, 0.04, 0.025, 0.0135, and 0.009. N a t u r a l l y ,  s e l e c t i o n  of 
bo th  the sounding f r equenc ie s  and the  tempera ture-de termina t ion
l e v e l s  i s  to a c e r t a i n  degree  a r b i t r a r y .  F igure  5.26 p r e s e n t s  an 
example of t empera tu re -p ro f i l e  r e c o n s t r u c t i o n  by Chahine's method. 
Good r e c o n s t r u c t i o n s  were a l s o  ob ta ined  when a tempera ture  p r o f i l e
d e p a r t i n g  s t r o n g l y  from t h e  t r u t h  w a s  used as t h e  f i r s t  approxi
mation. Chahine r e p o r t s  t h a t  a n  average e r r o r  o f  about lo i s  a t 
t a i n a b l e  w i t h  
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Figure  5.26. Reconstruc
t i o n  of  Temperature Pro
f i l e  by Chahine Method. 
1) True p r o f i l e ;  2 )  
f i rs t  approximation ; 3 
r e c o n s t r u c t e d  p r o f i l e .  

which c h a r a c t e r i z e s  a measurement 
e r r o r  of  less  t h a n  3%. An average
r e c o n s t r u c t i o n  e r r o r  of  2-3O i s  a t 
t a i n a b l e  when 5 ~ ~ < ( R 9 . , v (  7%. A s  w e  
have already no ted ,  these high re
c o n s t r u c t i o n  a c c u r a c i e s  r e s u l t  from 
the  n a t u r e  of t h e  B v ( T )  dependence. 

L e t  us t u r n  t o  an  a n a l y s i s  of 
the  r e s u l t s  of numerical  thermal-
sounding experiments  r e l a t i n g  t o  
t h e  microwave r e g i o n .  One of t h e  
f i rs t  s t u d i e s  p e r t a i n i n g  t o  t h i s  
i n t e r v a l  was E .  Westwater's paper  
C731 on the  problem o f  r e c o n s t r u c t - /305
i n g  tempera ture  i n  the  lower l a y e r
o f  t h e  atmosphere (10-12 km) on the  
basis o f  oxygen-emission measure
ments made on t h e  ground. To i n t e r 
p r e t  t h e  data ,  Westwater used an 
i t e r a t i o n  method t h a t  takes account  
of t he  dependence o f  t h e  t ransforma
t i o n  c h a r a c t e r i s t i c s  c a s e ,( i n  t h i s  

a b s o r p t i o n  c o e f f i c i e n t s )  on t h e  unknown tempera ture  p r o f i l e .
While t h e  root-mean-square e r r o r  o f  s o l u t i o n  r e c o n s t r u c t i o n  i s  
2-2.5O f o r  a c c u r a t e  measurements of r a d i o b r i g h t n e s s  t empera tu re ,
r e c o n s t r u c t i o n  accuracy s u f f e r s  cons ide rab ly  when va r ious  types  of 
e r r o r s  are t aken  i n t o  account .  Examples of r e c o n s t r u c t i o n  i n  t h e  
presence  of e r r o r s  appear i n  F i g .  5.27. The  e r r o r s  were s imula t ed  
by adding a )  l - - I ) n I t i T ; , /  a t  t h e  nt& f requency ,  and b )  i--I)"tlIisTBIt o  
the  e x a c t  b r igh tness - t empera tu re  v a l u e s .  

N a t u r a l l y ,  e r r o r s  a r e  q u i t e  d e t r i m e n t a l  t o  r e c o n s t r u c t i o n  
accuracy,  and when t h e y  a r e  large ( c a s e  a )  , 6TB = 2.5') , t h e  i t e r 
a t i o n  p rocess  may no t  converge t o  the  t r u e  s o l u t i o n .  Sys temat ic  
e r r o r s  were found t o  be less i n f l u e n t i a l .  

I n  l a t e r  s t u d i e s  devoted t o  t h e  same problem, E .  Westwater 
and 0. S t r a n d  used an improved method t o  i n t e r p r e t  t he  measured 
data ( s e e  $ 2  of t h i s  c h a p t e r ) .  Reference [36] submits  examples
o f  numerical  r e c o n s t r u c t i o n  us ing  t h i s  method. The  p rocess  was 
run  f o r  v a r i o u s  types  of obse rva t ions  : measurements of r a d i a t i o n  
from t h e  ground ( w i t h  known and unknown under ly ing-sur face  tem
p e r a t u r e s ) ,  measurements o f  t h e  ascending  r a d i a t i o n  a t  a h e i g h t  /306
o f  1 0  k m .  



-- 

The method developed by E .  West-
water  and 0.  S t r and  makes i t  pos
s i b l e  to o b t a i n  q u a n t i t a t i v e  e s t i 
mates of t h e  in fo rma t ion  con ten t  of 
i n d i r e  ct t emp e r  a tu r e  measurements . 
The q u a n t i t i e s  

R :  - t r  (S, x-1)D (5 .63)  
tr (sT-x-')F =. = __.~ (5 .64)_ _ _ _  
, trSf 

trx-' 112U+-) m 
(5 .65)  

may s e r v e  as a measure of t h i s  i n f o r 
mation con ten t .  Here, t r  i s  t h e  
t r a c e  of the  cor responding  ma t r ix  
and t h e  q u a n t i t y  R c h a r a c t e r i z e s  t h e  
a b s o l u t e  q u a n t i t y  of i n fo rma t ion  ob
t a i n e d  through the i n d i r e c t  measure
ments, s i n c e  t rS ,  i s  t h e  sum of t h e

'1 
d iagona l  e lements  of t h e  tempera ture
c o r r e l a t i o n  ma t r ix  and c h a r a c t e r i z e s  
t h e  u n c e r t a i n t y  of knowledge of t h e  
tempera ture  d i s t r i b u t i o n  i n  t h e  ab
sence  of any a d d i t i o n a l  i n fo rma t ion  
o n l t h e  p r o f i l e .  The t r a c e  of mat r ix  
X' c h a r a c t e r i z e s  t h e  e r r o r  of tem

h KL( 
1 lp  
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Figure  5.27. Example of 
Atmospheric Temperature
D i s t r i b u t i o n  Reconstruct
ed  From Measurements w i t h  
E r r o r  of ISTBl  = 1.25OK. 
1) True p r o f i l e ;  2 ,  3 )
r e c o n s t r u c t e d  p r o f i l e s  
w i t h  t ype  -a and b- e r r o r s .  

p e r a t u r e - p r o f i l e  r e c o n s t r u c t i o n  by i n t e r p r e t a t i o n  of measured 
r a d i a t i o n  d a t a  and,  consequent ly ,  t h e  u n c e r t a i n t y  t h a t  remains 
a f t e r  t h e  i n d i r e c t  t empera ture  measurements. Thus, R can be  i n 
t e r p r e t e d  as t h e  t o t a l  dec rease  i n  t h e  u n c e r t a i n t y  of t h e  t e m 
p e r a t u r e  d i s t r i b u t i o n  o r  as t h e  amount of i n fo rma t ion  d e l i v e r e d  
by  i n d i r e c t  t empera ture-de termina t ion  methods. The q u a n t i t y  F 
c h a r a c t e r i z e s  t h e  r e l a t i v e  dec rease  i n  t h e  u n c e r t a i n t y  of t h e  
tempera ture ,  and t h e  U are  t h e  mean d e v i a t i o n s  of t h e  r e c o n s t r u c t 
ed s o l u t i o n  from t h e  t r u e  s o l u t i o n .  

Table  5.7 p r e s e n t s  r e s u l t s  t h a t  can be  used t o  ana lyze  the  1 3 0 7
dependence of R and F on a c c i d e n t a l  measurement e r r o r s  (for radia
t i o n  obse rva t ions  a t  t h e  f i v e  f r e q u e n c i e s  51.2,  53.3,  55.0,  57.3,  
and 61.193059 G H z ) .  

W e  no te  t h a t  column 2 g i v e s  data c h a r a c t e r i z i n g  t h e  o r i g i n a l  
e r r o r  i n  the  tempera ture  d i s t r i b u t i o n  ( t r S T ) ,  and t h a t  t h e  numbers 
i n  columns 3-9 d e s c r i b e  t h e  r e s i d u a l  u n c e r t a i n t y  i n  T a f t e r  a p p l i 
c a t i o n  o f  r a d i a t i o n  data w i t h  v a r i o u s  e r r o r s  a. W e  no te  a number 
of i n t e r e s t i n g  f e a t u r e s  t h a t  fo l low from a n a l y s i s  o f  t h e  r e s u l t s  
i n  t h e  tab le .  F i r s t ,  o u r  a t t e n t i o n  i s  drawn to t h e  sha rp  dec rease  
( t o  less  t h a n  h a l f )  of t r  ST, which c h a r a c t e r i z e s  t h e  a p r i o r i  
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TABLE 5.7. DEPENDENCE O F  tr X'l ON ACCIDENTAL 
MEASUREMENT ERRORS 

11. %-I at u of 

I-
Ascending radi

ation measure
ment ...-..!.. .wS, %

&scer;ding r&
ation measure
ment

Descending r&--... 578,fiI 

ation measure
ment with known IT s d . .  ... . '47.62 

u n c e r t a i n t y  of t h e  tempera ture  s t r a t i f i c a t i o n ,  when data on under
ly ing - su r face  temperature are used.  

T h i s  e f f e c t  i s  due t o  t h e  r e l a t i v e l y  h igh  c o r r e l a t i o n  between 
under ly ing-sur face  tempera ture  and the  tempera tures  at  v a r i o u s  
l e v e l s  i n  t h e  10-km l a y e r  o f  atmosphere cons idered .  The t h i r d  
column of  t h e  tab le  p r e s e n t s  data c h a r a c t e r i z i n g  t h e  r e s i d u a l  un
c e r t a i n t y  i n  t he  i n d i r e c t  de t e rmina t ion  of tempera ture  s t r a t i f i c a 
t i o n  w i t h  a b s o l u t e l y  a c c u r a t e  r a d i a t i o n  measurements ( c a s e  of f i v e  
measurements). Although t h e  v a l u e s  of t r X - l  are small by compari
son w i t h  t rST)  they  d i f f e r  apprec i ab ly  from ze ro  and are due b o t h  
t o  t he  l i m i t e d  number o f  measurements and t o  t he  e r r o r s  t h a t  are 
i n e v i t a b l e  i n  numer ica l  r e a l i z a t i o n  of a lgo r i thms  for s o l u t i o n  of  
i n t e g r a l  equa t ions .  The data of Table  5.7 can be  used t o  ca lcu
l a t e  a l l  q u a n t i t a t i v e  c h a r a c t e r i s t i c s  o f  i n fo rma t ion  con ten t  and 
t h e  accuracy o f  i n d i r e c t  measurements: R ,  F ,  and U .  

TABLE 5.8.  U A S  A FUNCTION O F  MEASUREMENT ERROR u 

o O K  . . . . . . . . O 0.01 0.1 0.5 1,0 1.5 2.0 
U . . . . . . . . . 1.15 1,20 1,GO 2.23 2.47 2,76 3.04 

L e t  u s  ana lyze  a case  of  a tmospheric  sounding w i t h  outgoing-
r a d i a t i o n  o b s e r v a t i o n s .  Table  5 .8  shows , the  dependence of U on 
the  measurement e r r o r  u ob ta ined  on the  basis of t h e  data i n  t h e  
first l i n e  of Tab le  5.7. 

A s  w e  see from Table 5.8,  t h e  " n u l l  no i se"  of t he  a l g o r i t h m
i s  about lo, and U depends smoothly on u .  

The i n t e r p r e t a t i o n  method proposed by E.  Westwater and 0.  
S t r a n d  enab le s  us t o  s o l v e  t h e  problem o f  s e l e c t i n g  measurement 
c o n d i t i o n s .  For  example, i t  can be  used t o  determine t h e  r e q u i r e d  



TABLE 5.9. DEPENDENCE O F  tPX ' l  ON NUMBER O F  MEAS
UREMENT FREQUENCIES USED AND ON ACCIDENTAL MEAS
UREMENT ERRORS 

_ - - . ...- - . 

Number of 
measuremen 
frequencies lbservations a :I 0.0 0=0.1 ~ = 0 . 5  a=1.0 

used 
~-

I a 
b 
C 

292,Ol
13G,26
119,31 

292,ll 
136,s
119,47 

291,51
338.74 
123,09 

301.66 
146.01 
1.33,20 

2 a 
b 
C 

109,63 
65.50
58,78 

110.03 
65,89
59,31 

119.39 
74,18
69.10 

145,33

E$ 
3 a 

b 
C 

47,15
50,IO
40,51 

48.94 
53.57 
42,82 

73.13 
71,ll
58,76 

100.77 
88.90 
73.28 

4 a 
b 
C 

32,40
36, 18 
29,07 

41.68 
46,28
39.99 

71.89 
65.62 
57,45 

97,93
80.89 
7134 

5 a 
b 
C 

19.68 
21 .x3 
18.27 

38.39 
44,17
37,85 

M,61
G3,68
55,54 

91.45 
78.6.3 
69.29 

number o f  r a d i a t i o n  measurements. The r e s u l t s  of such an i n v e s t i  

g a t i o n a r e  p r e s e n t e d i n T a b l e  5.9 f o r  a l l  t h ree  radiat ion-measure 

ment cond i t ions  : a )  sounding of t h e  atmosphere by measuring o u t  

going r a d i a t i o n  a t  t h e  10-km l e v e l ;  b )  sounding w i t h  t h e  a id  o f  

ground measurements; c )  ground sounding w i t h  known s u r f a c e  t e m  

p e r a t u r e  and v a r i o u s  measurement e r r o r s .  1308 


A number of i n t e r e s t i n g  conclus ions  can be  drawn from analy
s is  of  T a b l e  5.9.  With a b s o l u t e l y  a c c u r a t e  measurements, t he  
a d d i t i o n  of  each new measurement channel  r e s u l t s  i n  a marked de
c r e a s e  i n  t h e  r e s i d u a l  u n c e r t a i n t y  of  t h e  tempera ture  s t r a t i f i c a 
t i o n  t r  X'l. On t h e  o t h e r  hand, even a t  0 > O . l ° K ,  t h i s  d e c r e a s e  
becomes i n s i g n i f i c a n t  at n > 3. T h i s  suggegts  t ha t  a d d i t i o n a l  
channels  (more t h a n  t h r e e )  b r i n g  r e l a t i v e l y  sma l l  amounts of new 
in fo rma t ion  under r e a l  measurement c o n d i t i o n s .  S i m i l a r  conclu
s i o n s  had been drawn p r e v i o u s l y  [13] i n  an a n a l y s i s  of t h e  o p t i 
mum observ ing  c o n d i t i o n s  problem. T h i s  e f f e c t  i s  due t o  t h e  sub
s t a n t i a l  mutual c o r r e l a t i o n  between r a d i a t i o n  data measured a t  
d i f f e r e n t  f r e q u e n c i e s .  The  conclus ions  drawn by E. Westwater and 
0. S t r a n d  d i f f e r  fundamental ly  from t h e  r e s u l t s  of [13, 231. 

While [13, 2 3 1  i n d i c a t e  a necessa ry  number of s p e c t r a l  i n t e r v a l s  

and es tab l i sh  t h a t  o t h e r  i n t e r v a l s  are supe r f luous  , Westwater and 

St rand  a r r i v e  a t  ano the r  conc lus ion .  Any new i n t e r v a l  reduces  t h e  

u n c e r t a i n t y  o f  t h e  unknown t empera tu re  p r o f i l e  (see Tab.le 5 .9 ) . 

That  the  a d d i t i o n  of  new i n t e r v a l s  w i t h  l a r g e  measurement e r r o r s  1309 

does n o t  apprec i ab ly  r educe  the  u n c e r t a i n t y  and i s  t h e r e f o r e  ir 

r a t i o n a l  i s  a n o t h e r  matter.  
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Moreover, the  i n f l u e n c e  of measurement e r r o r s  i s  extremely
i n s i g n i f i c a n t  when a l i m i t e d  number o f  measurements (one or two) 
are used.  Conversely,  t h i s  i n f l u e n c e  i s  ve ry  s t r o n g  i n  i n t e r p r e 
t a t i o n  o f  data measured i n  f o u r  o r  f i v e  s p e c t r a l  i n t e r v a l s .  T h i s  
pe rmi t s  t h e  conc lus ion  t h a t  an in s t rumen t  des igned  f o r  determina
t i o n  of t h e  tempera ture  p r o f i l e  w i t h  moderate accuracy can b e  r e l 
a t i v e l y  s imple  : two radiation-measurement channels  and moderate 
accuracy of  r a d i a t i o n  measurement. 

F i n a l l y ,  the  data o f  Table 5.9 enable  us t o  s tudy  the com
p a r a t i v e  importance of t h e  number of  measurement channels  and t h e  
accuracy of r a d i a t i o n  measurement ( f o r  t he  s p e c i f i c  c o n d i t i o n s  of 
t h e  numerical  experiment c o n s i d e r e d ) .  It i s  found advantageous,
f o r  example (from the  s t a n d p o i n t  of t h e  c r i t e r i a  o f  the  paper
under c o n s i d e r a t i o n ) ,  t o  b u i l d  an in s t rumen t  t h a t  has th ree  meas
urement channels  w i t h  a measurement e r r o r  a T  = O . 5 O K  ra ther  than  
a device  w i t h  f i v e  channels  b u t  an  e r r o r  a T  = 1 ° K  ( t h e  correspond
i n g  va lues  of t r X - l  w i l l  be 73.13 f o r  t h e  f i r s t  in s t rumen t  and 
91 .45  f o r  t he  second,  i n  c a s e  a ) ) .  Another s imilar  example can 
be c i t e d .  F o r  the  case  of a tmospher ic  sounding from t h e  ground,
i t  i s  more advantageous t o  b u i l d  an in s t rumen t  w i t h  only two 
measurement channels  and a n  e r r o r  a T  = 0.5OK t h a n  a f ive-channel  
i n s t rumen t  w i t h  aT = 1 ° K .  Such examples i l l u s t r a t e  ve ry  c l e a r l y  
t h e  importance of p r e l i m i n a r y  i n v e s t i g a t i o n  o f  t he  e n t i r e  s e t  of 
observ ing  c o n d i t i o n s  and c a r e f u l  s e l e c t i o n  of optimum c o n d i t i o n s  
f o r  t h e  measurements. 

E .  Westwater and 0.  S t r a n d  sugges t  t h a t  t h e i r  method f o r  
e s t i m a t i n g  t h e  i n f o r m a t i o n  con ten t  of o b s e r v a t i o n s  by used t o  
s e l e c t  observ ing  c o n d i t i o n s .  I n  p r a c t i c e ,  however, numerical  
implementat ion o f  t h i s  method becomes a n  extremely cumbersome 
problem. Thus, i t  i s  necessa ry  t o  compute approximately 2 lo6 
m a t r i x  t r a c e s  t o  s e l e c t  5 sounding channels  from a t o t a l  o f  50 
p o s s i b l e  s p e c t r a l  i n t e r v a l s .  F i n a l l y ,  we no te  tha t  Reference 
C361 compared r e s u l t s  from s e l e c t i o n  of optimum measurement con
d i t i o n s  by s. Twomey's method and t h e  method proposed by E .  West-
water and 0.  S t r and .  T h i s  i n v e s t i g a t i o n  showed t h a t  t he  two 
methods y i e l d  s u b s t a n t i a l l y  d i f f e r e n t  r e s u l t s ,  appa ren t ly  because 
of t h e i r  d i f f e r e n t  a p r i o r i  hypotheses  as t o  t h e  unknown f u n c t i o n .  

T h e  p o s s i b i l i t i e s  f o r  de t e rmina t ion  of  t h e  tempera ture  pro
f i l e  i n  a r c t i c  r e g i o n s  by i n t e r p r e t a t i o n  of  microwave r a d i a t i o n  
were examined by T . I .  Bazlova [89, 911 .  The problem was so lved  
by an  optimum-approximation method. Success ive  approximations 
were used t o  take account  of t h e  tempera ture  v a r i a t i o n s  o f  t h e  
a b s o r p t i o n  c h a r a c t e r i s t i c s .  L i k e  t h e  number of  basis  v e c t o r s ,
t he  sounding frequency was s e l e c t e d  e m p i r i c a l l y .  On t h e  basis /310 
of numerical  experiments  made w i t h  a l a r g e  number of tempera ture
p r o f i l e s ,  T . I .  Bazlova a r r i v e s  a t  t h e  conclus ion  t h a t  the  recon
s t r u c t i o n  e r r o r  would be  1-3' w i t h  t h e  p r e s e n t l y  a t t a i n a b l e  meas
urement accuracy.  
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The p o s s i b l e  uses  o f  thermal-sounding r e s u l t s  w i l l  depend t o  
a major degree on the  accuracy t h a t  can b e  ob ta ined  i n  t h e  a c t u a l  
tempera ture  r e c o n s t r u c t i o n .  The d a t a  g iven  above permit  estima
t i o n  o f  t h e  method's p o s s i b l e  e r r o r .  Despi te  t he  e x i s t i n g  v a r i e t y
o f  i n t e r p r e t a t i o n  methods, most of them g ive  about t h e  same re
c o n s t r u c t i o n  e r r o r s .  F o r  example, t h e  root-mean-square e r r o r  o f  
r e c o n s t r u c t i o n  u s i n g  a b s o l u t e l y  a c c u r a t e  r a d i a t i o n  va lues  i s  about  
0.5 ' .  The e x i s t e n c e  of  t h i s  e r r o r  i s  expla ined  by a number of  
f a c t o r s :  the  e r r o r s  o f  t h e  quadra tu re  formulas used i n  s u b s t i t u t 
i n g  t h e  a l g e b r a i c  s y s t e m  f o r  t h e  i n t e g r a l  equa t ion ;  e r r o r s  r e s u l t 
i n g  from approximate c o n s i d e r a t i o n  o f  the  frequency dependence of  
t h e  Planck f u n c t i o n ;  rounding e r r o r s ;  poor c o n d i t i o n a l i t y  of t h e  
system; r egu la r i za t ion -pa rame te r  s e l e c t i o n  a lgo r i thms ;  n a t u r e  of  
t h e  a p r i o r i  i n fo rma t ion ,  e t c .  Under rea l  measurement c o n d i t i o n s ,  
we may expec t  r e c o n s t r u c t i o n  e r r o r s  of  2-3O a t  the  p r e s e n t l y  a t 
t a i n a b l e  radiation-measurement accuracy (%l%). Somewhat h i g h e r  
accuracy (1-2O) i s  a t t a i n a b l e  i n  i n t e r p r e t a t i o n  of  r a d i a t i o n  
measurements i n  t h e  COS band a t  1 = 4.3 pm. T h i s  i s  because o f  
t h e  h igh  s e n s i t i v i t y  o f  black-body r a d i a t i o n  t o  tempera ture  v a r i a 
t i o n s  i n  t h i s  r e g i o n  o f  t h e  spectrum. 

The accuracy requi rements  f o r  de t e rmina t ion  o f  me teo ro log ica l
elements used i n  va r ious  systems f o r  numerical  weather  f o r e c a s t i n g
have been i n d i c a t e d  i n  a number o f  papers  ( f o r  example, i n  C961).
Fo r  example, the  accuracy r e q u i r e d  f o r  tempera ture  i s  0.5-1.0O. 
The a t t a inmen t  of  such accuracy  i n  i n d i r e c t  t empera ture  determina
t i o n  by thermal  sounding r e q u i r e s  very h igh  measurement accuracy
and t h e  development o f  methods w i t h  small a lgo r i thm e r r o r s  and a 
number of s p e c i a l  methods t h a t  w i l l  make i t  p o s s i b l e  t o  improve
t h e  s o l u t i o n  by invoking a d d i t i o n a l  i n fo rma t ion .  It can be s a i d  
tha t  t h e  s o l u t i o n  of  each of  t h e s e  problems r e p r e s e n t s  a h igh ly
complex and l a b o r i o u s  task .  

$5. INFLUENCE OF ERRORS I N  A S S I G N M E N T  OF INTEGRAL-EQUATION KERNELS 
ON ACCURACY OF TEMPERATURE-PROFILE RECONSTRUCTION 

I n  t h e  p reced ing  s e c t i o n ,  w e  examined t h e  r e s u l t s  of numerical  
experiments  i n  t h e  r e c o n s t r u c t i o n  o f  tempera ture  i n  t h e  atmosphere 
on t h e  assumption t h a t  t h e  k e r n e l s  o f  t he  r e s p e c t i v e  i n t e g r a l  equa
t i o n s  are known w i t h  a b s o l u t e  accuracy ( an  excep t ion  i s  found i n  /310
[ 7 3 ,  891, where t h e  tempera ture  dependence of  t h e  t r a n s f o r m a t i o n  
c h a r a c t e r i s t i c s  i s  t a k e n  i n t o  account b u t  i t s  i n f l u e n c e  on recon
s t r u c t i o n  accuracy i s  not  ana lyzed) .  Ac tua l ly ,  i t  i s  necessary  i n  
real  r e c o n s t r u c t i o n s  t o  use  a k e r n e l  t h a t  i s  burdened by both  
a c c i d e n t a l  and s y s t e m a t i c  e r r o r s .  Before p a s s i n g  t o  a d i r e c t  
s tudy  of  t h e  i n f l u e n c e  of t h e s e  e r r o r s  on t h e  accuracy of s o l u t i o n  
of  the thermal-sounding problem, l e t  us  ana lyze  t h e i r  causes  i n  
de t a i l .  

The k e r n e l s  o f  i n t e g r a l  equa t ions  i n c o r p o r a t e  t h e  t r a n s f o r 
mation c h a r a c t e r i s t i c s  of t h e  thermal  r a d i a t i o n  i n  any formula
t i o n  o f  t h e  thermal-sounding problem: t r a n s m i s s i o n  f u n c t i o n s  f o r  
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t h e  i n f r a r e d  and a b s o r p t i o n  c o e f f i c i e n t s  f o r  t h e  microwave r e g i o n .
( U s e  of a b s o r p t i o n  c o e f f i c i e n t s  i m p l i e s  t he  use of t h e  e x p o n e n t i a l
r e p r e s e n t a t i o n  of t h e  t r a n s m i s s i o n  f u n c t i o n s . )  I n  p r a c t i c e ,  t hey  
are never  e x a c t l y  known. The  causes  o f  e r r o r s  i n  t h e  k e r n e l  of  
t h e  equa t ion  can be  c l a s s i f i e d  i n t o  two groups .  The  f i r s t  i n 
c ludes  e r r o r s  a s s o c i a t e d  w i t h  t h e  methods used t o  a c q u i r e  the  
t r ans fo rma t ion  c h a r a c t e r i s t i c s .  Experimental  e r r o r s  are i n c u r r e d  
i n  exper imenta l  a c q u i s i t i o n  of t r ansmiss ion  f u n c t i o n s  o r  absorp
t i o n  c o e f f i c i e n t s .  These e r r o r s  may vary i n  magnitude depending 
on exper imenta l  c o n d i t i o n s .  They a r e  l a r g e s t  when t r a n s m i s s i o n  
i s  i n v e s t i g a t e d  under c o n d i t i o n s  of low p r e s s u r e s  and low absorb
ing-substance c o n t e n t s ,  under cond i t ions  of h igh  s p e c t r a l  r e s o l u 
t i o n .  On t h e  average ,  t hey  va ry  from 1 t o  l o g ,  depending on the 
q u a l i t y  of  t h e  experiment .  

The e r r o r s  o f  t h e o r e t i c a l l y  c a l c u l a t e d  a b s o r p t i o n  c h a r a c t e r 
i s t i c s  have many causes .  When t h e  t r a n s m i s s i o n  f u n c t i o n s  a r e  c a l 
c u l a t e d  d i r e c t l y ,  t h e  b a s i c  e r r o r  source  i s  imprec i se  knowledge of 
f i n e - s t r u c t u r e  parameters  and t h e  contour  shape of t h e  s p e c t r a l
l i n e .  E r r o r s  a r i se  from similar causes  when such absorption-band
models as the  quasirandom model a r e  used. Inadequacy o f  t h e  model 
to t h e  r e a l  spectrum may g i v e  r i s e  t o  o t h e r  e r r o r s .  When models 
are used as approximating formulas  t o  r e p r e s e n t  t h e  exper imenta l
d a t a ,  the  accuracy of  t h e  r e s u l t i n g  t r a n s m i s s i o n  f u n c t i o n s  w i l l  
n o t ,  of cour se ,  be  any b e t t e r  t han  t h e  accuracy of  t h e  experiment
a l  material  used.  

Use o f  the  v a r i o u s  approximate methods of ear th-atmosphere
r a d i a t i v e - t r a n s f e r  t heo ry  may be ano the r  sou rce  of  e r r o r s  of  t h i s  
t ype  ( $ 4  of  Chapter 1). 

E r r o r s  stemming from t h e  i n s t a b i l i t y  of t h e  atmosphere must 
be  inc luded  i n  t h e  l a t t e r  c l a s s .  Because the  a b s o r p t i o n  char
a c t e r i s t i c s  depend on t h e  tempera ture  of t h e  atmosphere and i t s  
composition, t hey  are no t  c o n s t a n t ,  even f o r  the  C 0 2  and O 2  ab
s o r p t i o n  bands used i n  t h e  thermal-sounding problem. I n  a con- 1312 
c r e t e  s o l u t i o n  of t h e  problem, i t  i s  necessary  to use t h e  absorp
t i o n  c h a r a c t e r i s t i c s  of  a p a r t i c u l a r  model o f  t h e  atmosphere.  The 
magnitudes o f  e r r o r s  of  t h i s  t ype  depend bo th  on t h e  observed 
v a r i a b i l i t y  of  t h e  atmospheric  parameters  and on the  s e n s i t i v i t y
of the  a b s o r p t i o n  c h a r a c t e r i s t i c s  t o  changes i n  t h e s e  parameters .  

L e t  us take n o t e  o f  a fundamental  d i f f e r e n c e  between e r r o r s  
of  t h e  f i r s t  and second t y p e s .  While e r r o r s  o f  the  f i r s t  type  
can be reduced by a p p r o p r i a t e  exper imenta l  and t h e o r e t i c a l  inves
t i g a t i o n s  of  t h e  a b s o r p t i o n  c h a r a c t e r i s t i c s ,  e r r o r s  of t h e  second 
type  w i l l  always a t t e n d  s o l u t i o n  of  t h e  i n v e r s e  problems. These 
e r r o r s  r e s u l t  from t h e  very n a t u r e  of  r a d i a t i v e  t r a n s f e r  and must 
be  taken  i n t o  account i n  t h e  development o f  i n v e r s i o n  a lgo r i thms .  

Let us cons ide r  e r r o r s  o f  t h e  second type  i n  somewhat g r e a t e r  
d e t a i l .  All contemporary methods f o r  i n d i r e c t  de t e rmina t ion  of 
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t h e  tempera ture  d i s t r i b u t i o n  from the rma l - r ad ia t ion  measurements 
a r e  based on t h e  assumption tha t  t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  
b a s i c  absorb ing  gas  does not  va ry .  While t h i s  hypo thes i s  i s  ap
p a r e n t l y  s a t i s f i ed  very c l o s e l y  f o r  oxygen, t h e  conten t  of carbon 
d iox ide  i s  s u b j e c t  to conspicuous t i m e  and space  v a r i a t i o n s .  A 
l a r g e  body of data on the  COZ con ten t  a t  t h e  s u r f a c e  of t he  ear th  
i s  now a v a i l a b l e  C68, 74-76, 82-851. The i n f l u e n c e  o f  n a t u r a l  
and a r t i f i c i a l  carbon d iox ide  sou rces  and s i n k s  i s  be ing  s t u d i e d .  
A number of papers  have r e p o r t e d  s u b s t a n t i a l  v a r i a t i o n s  of the  
C o p  concen t r a t ions  a t  v a r i o u s  s t a t i o n s  . Thus, measurements were 
made i n  the  P a c i f i c  and I n d i a n  Oceans on the r e s e a r c h  v e s s e l  
"Vityaz '"  C681. It was observed t h a t  the  carbon d iox ide  con ten t  
i n c r e a s e s  apprec i ab ly  a t  low l a t i t u d e s  as compared w i t h  middle  
and high l a t i t u d e s .  The COZ con ten t  depends on t h e  types  o f  t h e  
a i r  masses and on wind d i r e c t i o n .  Measurements made a long  t h e  
coas t  of t h e  Black Sea a l s o  i n d i c a t e d  s u b s t a n t i a l  v a r i a b i l i t y  o f  
the  conten t  of t h i s  gas  ( i t s  c o n c e n t r a t i o n  v a r i e d  from 0 .0240  to 
0:0380%). Various i n v e s t i g a t i o n s  have d e t e c t e d  annua l ,  monthly,
and d i u r n a l  v a r i a t i o n s  of carbon d iox ide  con ten t  a t  t he  ground
s u r f a c e .  A t  average c o n c e n t r a t i o n  v a l u e s  o f  about 0.031-0.033%, 
conspicuous f l u c t u a t i o n s  can be observed,  r ang ing  to about  0 .01% 
even w i t h i n  a g iven  day [76 ] .  However, t h e s e  f l u c t u a t i o n s  are 
u s u a l l y  s m a l l ,  averaging  0 . 0 0 1 % .  It appears  tha t  d e v i a t i o n s  o f  
10-20% from t h e  average c o n c e n t r a t i o n  v a l u e s  may be  cons idered  
q u i t e  r e a l i s t i c ,  e s p e c i a l l y  n e a r  carbon d iox ide  sou rces  and 
s i n k s  ( l a r g e  masses of  v e g e t a t i o n ,  i n d u s t r i a l  and me t ropo l i t an
complexes, e t c .  ) . 

The a l t i t u d e  d i s t r i b u t i o n  o f  carbon d iox ide  c o n c e n t r a t i o n  has 
not  y e t  been s t u d i e d  i n  such d e t a i l  [81, 85, 761. A s l i g h t  de
c r e a s e  i n  t h e  r e l a t i v e  con ten t  o f  t h e  gas  i s  noted  w i t h  i n c r e a s 
i n g  d i s t a n c e  from t h e  ground s u r f a c e ,  a long  w i t h  a narrowing o f  
t h e  range o f  p o s s i b l e  COz-content v a r i a t i o n s .  It i s  r e p o r t e d  i n  
[74] t h a t  t h e  i n f l u e n c e  of v e g e t a t i o n  i s  a p p r e c i a b l e  up to a l t i 
t udes  o f  about 1 k m .  References [76, 78, 80, 831 c o n t a i n  ex ten
s i v e  data on t h e  s p a t i a l  c o n t e n t s  of carbon d iox ide  a t  v a r i o u s  
e l e v a t i o n s .  Space and t i m e  f l u c t u a t i o n s  o f  COS con ten t  amounting 
t o  2-49 o f  t he  averages  have been d e t e c t e d .  Thus, t h e r e  can be 
no doubt tha t  t h e  b a s i c  e f f e c t  o f  COS c o n c e n t r a t i o n  v a r i a b i l i t y  
on t h e  t r a n s m i s s i o n  f u n c t i o n s  w i l l  be observed i n  t r a n s p a r e n t
s p e c t r a l  i n t e r v a l s ,  s i n c e  t h e  maximum v a r i a t i o n s  o f  COz con ten t  
are observed a t  t h e  ground s u r f a c e .  

Errors i n  the  k e r n e l  of t h e  equa t ion  may a l s o  r e s u l t  from 
the  tempera ture  v a r i a t i o n  o f  t h e  a b s o r p t i o n  c h a r a c t e r i s t i c s  : t h e  
t r a n s m i s s i o n  f u n c t i o n s  o r  a b s o r p t i o n  c o e f f i c i e n t s .  Most of t h e  
tempera ture  dependence of  these c h a r a c t e r i s t i c s  i s  accounted for 
by t h e  tempera ture  v a r i a t i o n  o f  l i n e  i n t e n s i t y ,  methods f o r  ap
proximate c o n s i d e r a t i o n  of which were s e t  f o r t h  i n  $4 of Chapter 
1. The d e t r i m e n t a l  i n f l u e n c e  of  e r r o r s  r e s u l t i n g  from t h e  t e m 
p e r a t u r e  v a r i a t i o n  of  a b s o r p t i o n  c h a r a c t e r i s t i c s  can be  reduced 
by us ing  a method o f  s u c c e s s i v e  approximations i n  which t h e  
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Figure  5.28. Temperature
Dependence of t h e  Funct ions  
dP/d l o g  p ( v  = 705.8 cm). 
1) T ( P )  = TS(p) + 10’; 2 )  
TS ( p ) ,  s t a n d a r d  atmosphere.  

g ions  s e l e c t e d  f o r  s o l u t i o n  of 
governed by carbon d iox ide  

t empera tu re  p r o f i l e  found w i t h  t h e  
a i d  o f  the  k e r n e l  corresponding t o  
t he  average  tempera ture  d i s t r i b u 
t i o n  i s  used t o  improve t h e  k e r n e l  
and subsequent  s o l u t i o n  of  t h e  i n 
v e r s e  problem. 

E s t i m a t e s  o f  t he  e f f e c t  o f  
tempera ture  on t h e  t r a n s m i s s i o n  
f u n c t i o n  of t h e  15-um C 0 2  band 
were ob ta ined  i n  C1.91, 501. 
F igu re  5.28 [ 5 0 ]  g i v e s  weight ing  /314
f u n c t i o n s  dPAv/d l o g  p f o r  a 
s p e c t r a l  i n t e r v a l  5 . 2  cm” wide 
cen te red  on v = 705.8 cm-’. A s  
w e  s e e  from t h e  f i g u r e ,  t h e  weight
ing - func t ion  v a r i a t i o n s  are r e l a 
t i v e l y  small ,  bu t  c a l c u l a t i o n  
i n d i c a t e s  tha t  t h e y  are s t i l l  
s u f f i c i e n t  t o  change t h e  outgoing
r a d i a t i o n  by 2-3%. 

Despi te  t he  f a c t  t h a t  most of  
t h e  a b s o r p t i o n  i n  the  s p e c t r a l  r e -

t h e  thermal-sounding problem i s  
o r  oxygen, whose d i s t r i b u t i o n s  are 

r e l a t i v e l y  s t ab le ,  a b s o r p t i o n  i n  t h e s e  i n t e r v a l s  i s  a l s o  i n f l u 
enced by o t h e r  gases  ( H 2 0 ,  C O ,  N20, 0 3 ) .  Although the  i n f l u e n c e  
of these gases  i s  o f t e n  r e l a t i v e l y  weak, t h e  e r r o r s  r e s u l t i n g  from 
f a i l u r e  t o  cons ide r  them may i n c r e a s e  t h e  e r r o r s  of  tempera ture
r e c o n s t r u c t i o n .  I n  view o f  the  v a r i a b i l i t y  of  t he  c o n t e n t s  of  
t h e s e  g a s e s ,  they  can be  al lowed f o r  c o r r e c t l y  on independent  de
t e r m i n a t i o n  of t h e i r  d i s t r i b u t i o n s  i n  t h e  atmosphere.  A t  t h e  
p r e s e n t  t i m e ,  t h i s  problem i s  so lved  only  f o r  H20 and 03 (see
Chapter 4 ) .  Average d i s t r i b u t i o n s  of t h e  absorb ing  components a r e  
most f r e q u e n t l y  used i n  t h e  r e c o n s t r u c t i o n ,  and t h i s  s u b s t a n t i a l l y
reduces  t h e  e r r o r s  t h a t  appear  i n  t h e  k e r n e l s  when they  a r e  l e f t  
t o t a l l y  ou t  of  account .  

S. Drayson [5O] was t h e  f i rs t  t o  e v a l u a t e  t he  i n f l u e n c e  of  
a b s o r p t i o n  by ozone ( v 2  band a t  h = 1 4  u m )  i n  the  r e g i o n  of t h e  
15-pm carbon d iox ide  band. It was found tha t  03 a b s o r p t i o n  may 
range up t o  5% i n  the  thermal-sounding channels .  Drayson there
f o r e  concludes t h a t  03 must be  taken  i n t o  account  f o r  a c c u r a t e  
t r ansmiss ion - func t ion  c a l c u l a t i o n s ,  a t  l e a s t  on t h e  b a s i s  of c l i 
ma to log ica l  data. 

Numerical experiments  t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  e r r o r s  
i n  a s s i g n i n g  t h e  i n t e g r a l - e q u a t i o n  k e r n e l  on t h e  accuracy of t e m 
p e r a t u r e - p r o f i l e  r e c o n s t r u c t i o n  have been made on a number of 
occas ions .  I . A .  Gorchakova and M.S. Malkevich [86] i n v e s t i g a t e d  
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t h e  s e n s i t i v i t y  o f  t h e  s p e c t r a l  curve of t h e  outgoing r a d i a t i o n  
i n  t h e  carbon d iox ide  bands a t  1 5  and 4.3 p m  t o  changes i n  va r 
i o u s  parameters .  The a n a l y s i s  f o r  t h e  15-pm band w a s  e s p e c i a l l y
thorough:  the s e n s i t i v i t y  of t he  r a d i a t i o n  t o  v a r i a t i o n s  i n  t h e  
v e r t i c a l  t empera ture  p r o f i l e ,  CO2 c o n c e n t r a t i o n ,  changes i n  ob
s e r v a t i o n  a n g l e ,  under ly ing-sur face  e m i s s i v i t y ,  and atmospheric  
water-vapor con ten t  was s t u d i e d .  Such r e s e a r c h  has made i t  pos
s i b l e  t o  estimate t h e  p o s s i b l e  e f f e c t s  of va r ious  f a c t o r s  on t h e  
accuracy w i t h  which t h e  i n v e r s e  problem i s  so lved .  Gorchakova 
and Malkevich performed numerical  experiments  t o  so lve  t h e  i n 
v e r s e  problem i n  which they  used v a r i o u s  t r a n s m i s s i o n  f u n c t i o n s .  
(The problem was so lved  by t h e  optimum-approximation method.) Use 
of "bad" t r a n s m i s s i o n  f u n c t i o n s ,  i . e . ,  f u n c t i o n s  d e v i a t i n g  from 
t h o s e  used i n  r a d i a t i o n  c a l c u l a t i o n s ,  . i n c r e a s e s  the  maximum re- 1 3 1 5  
c o n s t r u c t i o n  e r r o r  by a f a c t o r  o f  1 . 3  t o  1 .7 .  

I n  s o l v i n g  t h e  i n v e r s e  problem, Gorchakova and Malkevich a l s o  
i n v e s t i g a t e d  t h e  i n f l u e n c e  of  water-vapor a b s o r p t i o n .  Numerical 
experiments  showed tha t  water  vapor s t r o n g l y  i n f l u e n c e s  t h e  ac
curacy o f  t empera tu re -p ro f i l e  r e c o n s t r u c t i o n  when s p e c t r a l  i n t e r 
v a l s  of  weak C O n  a b s o r p t i o n  are used. Use of data on r a d i a t i o n  
i n  t h e  s t r o n g l y  absorb ing  s p e c t r a l  i n t e r v a l s  o r  i n  i n t e r v a l s  of 
bo th  types  has l i t t l e  i n f l u e n c e  on t h e  accuracy of inverse-problem
s o l u t i o n .  On t h e  basis  of t h e s e  r e s u l t s ,  t h e y  i n f e r  t h e  p o s s i 
b i l i t y  of  s e l e c t i n g  segments of t h e  band a t  X = 1 5  u m  i n  which t h e  
i n f l u e n c e  of water vapor  can be  d i s r ega rded  i n  s o l v i n g  t h e  thermal-
sounding problem. We no te  tha t  none of t h e  p r e s e n t  methods for 
s e l e c t i o n  of  optimum exper imenta l  c o n d i t i o n s  t a k e s  account  of t he  
p o s s i b l e  e r r o r s  i n  t h e  k e r n e l  of the  equa t ion .  

V.B.  Glasko and Yu.M. Timofeyeva [5] i n v e s t i g a t e d  t h e  i n f l u 
ence of a c c i d e n t a l  and s y s t e m a t i c  e r r o r s  o f  k e r n e l  assignment on 
t h e  accuracy o f  r ep roduc t ion  of t h e  Planck f u n c t i o n  B ( E )  f o r  t he  
case  of thermal sounding cons idered  i n  t h e  previous  s e c t i o n ,  which 
used r a d i a t i o n  d a t a  measured i n  t h e  contour  of an  i s o l a t e d  Lorentz  
l i n e .  The I n f l u e n c e  of a c c i d e n t a l  e r r o r s  w a s  s t u d i e d  by s o l v i n g
(5 .55)  w i t h  t h e  k e r n e l  

where 

and the { n t j )  a re  va lues  of a random v a r i a b l e  ( d i f f e r e n t  se ts  f o r  
d i f f e r e n t  k) t h a t  i s  uniformly d i s t r i b u t e d  i n  t h e  i n t e r v a l  [-1, 11. 

The va lues  of 6K were v a r i e d  to span t h e  e n t i r e  p o s s i b l e  
range of e r r o r s  i n  t he  k e r n e l  as governed by v a r i o u s  p h y s i c a l  f a c 
t o r s .  F igu re  5.29 shows the  c a l c u l a t e d  r e s u l t s  f o r  t h e  case  o f  
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Figure  5.29.  Recons t ruc t ion  of t h e  Funct ion  
B1(S) (y = 1.0) f o r  Various Values o f  t h e  A c 
c i d e n t a l  Error, i n  t h e  Kernel .  1) Exact so lu 
t i o n ;  2 )  6K = 3)  6K = 4 )  d K  = 10-l. 

B l ( 5 )  and y = 1 . 0 .  We n o t e  t h a t  r e c o n s t r u c t i o n  accuracy d e t e r i o 
rates i n s i g n i f i c a n t l y  a t  r e l a t i v e l y  low a c c i d e n t a l - e r r o r  l e v e l s ,  
b u t  s t r o n g l y  when 6 K  > T h i s  t ha t  t h e  a c c i d e n t a lsugges t s  
e r r o r  may n o t  exceed a c e r t a i n  l e v e l ,  which depends on t h e  type
the  k e r n e l ,  t h e  n a t u r e  of t h e  unknown f u n c t i o n ,  t h e  type  of ap
proximating n e t ,  e t c . ,  i f  t he  d e s i r e d  r e p r o d u c t i o n  accuracy i s  
to be a t ta ined.  I n  s e l e c t i n g  s p e c t r a l  i n t e r v a l s  f o r  thermal 
sounding,  t h e r e f o r e ,  i t  i s  necessary  to c o n s i d e r  no t  only t h e i r  
o p t i c a l  p r o p e r t i e s ,  but a l s o  the  p o s s i b l e  l e v e l  of t h e  e r r o r s  
that  ar ise  from t h e  causes  cons idered  above. 

F igure  5.30. Recons t ruc t ion  of t h e  Funct ion  
B1(S) when Kernel  of E q .  (5 .55 )  i s  Assigned 
w i t h  a Sys temat ic  E r r o r .  1) Exact s o l u t i o n ;  
2 )  y = 0 . 9 ;  3 )  y = 1.1. 

o f  

/316 

The i n f l u e n c e  of  s y s t e m a t i c  errors on r e c o n s t r u c t i o n  accuracy 
was i n v e s t i g a t e d  as fo l lows .  Rad ia t ion  va lues  cor responding  t o  
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y = 1 . 0  were i n t e r p r e t e d  w i t h  
k e r n e l s  for y = 0 . 9  and 1.1. 
The c a l c u l a t e d  r e s u l t s  appear
i n  F i g .  5.30. A s  w e  see, t he  
accuracy o f  r e c o n s t r u c t i o n  of 
B 1 ( E )  d e t e r i o r a t e d  markedly,
e s p e c i a l l y  for l a r g e  5, i . e . ,  
nea r  t h e  ground s u r f a c e ,  as 
a r e s u l t  o f  s t r o n g  d i s t o r t i o n s  
of  t h e  k e r n e l s  a t  these va lues  
of 5 .  

O . S .  Bogomolov [87] a l s o  
s t u d i e d  the  i n f l u e n c e  of  e r r o r s  
i n  a s s i g n i n g  the  k e r n e l  of t h e  
equa t ion .  F igu re  5.31 p r e s e n t s  
an  example of r e c o n s t r u c t i o n  
of t h e  tempera ture  p r o f i l e  T ( p )
for two k e r n e l  e r r o r s  t h a t  re 
t a i n e d  the  same s i g n s ,  b u t  d i 
minished w i t h  i n c r e a s i n g  a l t i 
tude  and v a r i e d  ove r  t h e  spec
trum. A t  t r o p o s p h e r i c  l e v e l s ,
t hey  were 0 . 0 1  and 0 . 1  f o r  
t r a n s p a r e n t  i n t e r v a l s .  I n  t h e  
former c a s e ,  t h e  s o l u t i o n  d i f 
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Figure  5.31. I n f l u e n c e  of Er
r o r s  i n  Kernel of I n t e g r a l
Equat ion on Accuracy o f  V e r 
t i c a l  Temperature P r o f i l e  Re
c o n s t r u c t i o n  by t h e  Regular iza
t i o n  Method. 1) True p r o f i l e ;  
2 )  6K = 0 . 1 ;  3 )  6K = 0 .01 .  

fers  l i t t l e  from tha t  o b t a i n e d  when the  k e r n e l  i s  a s s igned  ac
c u r a t e l y ,  b u t  i n  t he  l a t t e r  w e  beg in  t o  observe a s u b s t a n t i a l  i n 
c rease  i n  t h e  r e c o n s t r u c t i o n  e r r o r  (8- ioo) .  Bogomolov a l s o  showed 
t h a t  n e g l e c t  of water-vapor  a b s o r p t i o n  a l s o  s u b s t a n t i a l l y  i n c r e a s e s  
t h e  r e c o n s t r u c t i o n  e r r o r s  (7-10O). However, t he  accuracy o f  re
c o n s t r u c t i o n  of the  v e r t i c a l  t empera ture  p r o f i l e  can be  improved
s u b s t a n t i a l l y  w i t h  even an approximate estimate of t h e  a tmosphere ' s
mois ture  r e l a t i v e  of  %20% i n  t h e  moisture-conc o n t e n t .  A e r r o r  
t e n t  de t e rmina t ion  produces e r r o r s  of 1-2' i n  t h e  temperature-
p r o f i l e  r e c o n s t r u c t i o n .  

The combined i n f l u e n c e  o f  radiation-measurement and ke rne l -
assignment e r r o r s  observed i n  a c t u a l  t h e r m a l - s t a t e  r e c o n s t r u c t i o n s  
w a s  i n v e s t i g a t e d  by O . M .  Pokrovskiy and Yu.M. Timofeyev [21] .
Numerical experiments  were performed w i t h  t he  weight ing  f u n c t i o n s  
shown i n  F i g .  5 .1 ,  which p e r t a i n  t o  t h e  c o n d i t i o n s  o f  s o l u t i o n  of  
t h e  thermal-sounding problem w i t h  a s ix-channel  i n s t rumen t  f o r  t h e  
1 5 - v m  band. F igu re  5.22 shows the  v a r i a n c e  and maximum e r r o r  of 
t he  B(p)  r e c o n s t r u c t i o n  as f u n c t i o n s  o f  t h e  a c c i d e n t a l  measurement 
e r r o r  for c a s e s  of an a c c u r a t e l y  a s s igned  k e r n e l  and a k e r n e l  as
s igned  w i t h  a s y s t e m a t i c  e r r o r ,  w i t h  t h e  n a t u r e  of t h e  e r r o r  cor 
responding  t o  t h e  c a s e  of i n a c c u r a t e  assignment of the  d i s t r i b u 
t i o n  of the b a s i c  abso rb ing  gas  o r  tempera ture .  T h i s  e r r o r  
r eaches  maximum v a l u e s  of 0.025 i n  t r a n s p a r e n t  i n t e r v a l s  of t h e  
spectrum n e a r  t h e  ground s u r f a c e .  A s  w e  see from F i g .  5.22, t h e  
accuracy of r e c o n s t r u c t i o n  d imin i shes  a p p r e c i a b l y ,  i n d i c a t i n g  t h e  
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importance of t h e  most a c c u r a t e  p o s s i b l e  ass ignment  of t h e  k e r n e l .  
A l l  of the  examples g iven  above t e s t i f y  t h a t  t he  accuracy  of  ker 
n e l  assignment de te rmines  t h e  accuracy o f  r e c o n s t r u c t i o n  o f  t h e  
atmosphere 's  thermal s t r u c t u r e  t o  a s u b s t a n t i a l  deg ree .  T h i s  
c a l l s  f o r  expe r imen ta l  and t h e o r e t i c a l  r e s e a r c h  wi th  t he  o b j e c t  of  
o b t a i n i n g  a c c u r a t e  i n f o r m a t i o n  on a b s o r p t i o n  c h a r a c t e r i s t i c s .  

Use of s p e c i a l  methods of s u c c e s s i v e  approximations i n  so lu 
t i o n  of t h e  problem i s  a l s o  impor t an t .  To use  these methods ef
f e c t i v e l y ,  i t  i s  necessa ry  t o  develop a c c u r a t e  procedures  f o r  cor
r e c t i n g  t h e  k e r n e l s  of  the  i n t e g r a l  equa t ions  and t o  use addi
t i o n a l  i n fo rma t ion ,  such as data  on t h e  water-vapor d i s t r i b u t i o n .  
F i n a l l y ,  w e  n o t e  t h a t  a t t a i n m e n t  o f  t h e  accuracy of temperature-
p r o f i l e  de t e rmina t ion  tha t  i s  necessary  i n  a number of  problems
i s  an extremely complex task.  

$ 6 .  THERMAL S O U N D I N G  UNDER THE CONDITIONS OF A CLOUDY ATMOSPHERE 

Most of t h e  r e s e a r c h  t h a t  has  been done i n  t h e  thermal-sound
i n g  problem p e r t a i n s  t o  t h e  case  of a c l e a n  and c l o u d l e s s  atmos
phe re .  However, c louds  ( w i t h  va r ious  shapes and o p t i c a l  proper
t i e s )  and l a y e r s  of  a e r o s o l s  and haze may be  observed a t  va r ious  
l e v e l s  i n  t h e  rea l  atmosphere.  These f a c t o r s  may complicate  t h e  
a l r e a d y  q u i t e  d i f f i c u l t  problem of r e c o n s t r u c t i n g  t h e  tempera ture
p r o f i l e  under clean-atmosphere c o n d i t i o n s ,  and i n  some cases  even 
make i t  imposs ib le  t o  o b t a i n  t h e  T ( z )  p r o f i l e ,  a t  l eas t  i n  c e r t a i n  
l a y e r s  of t h e  atmosphere.  Indeed,  t h e  p re sence  of c louds ,  aero
sols, e t c .  i n  t h e  atmosphere may make i t  necessary  t o  take account  
o f  a d d i t i o n a l  rad ia t ion- t ransform,a t ion  mechanisms, and t h i s  would 
r e q u i r e  a review of t h e  mathematical  model and compl ica te  t h e  prob
l e m .  However, c o n s i d e r a t i o n  of these f a c t o r s ,  and c loud iness  i n  /319
p a r t i c u l a r ,  i s  a b s o l u t e l y  necessa ry ,  s i n c e  50-75% o f  t h e  area of 
t h e  globe i s  shrouded by clouds a t  v a r i o u s  t imes .  The p r e s e n t
s e c t i o n  i s  devoted t o  t h e  problem of t a k i n g  c louds  i n t o  account 
i n  schemes f o r  s o l u t i o n  of ou r  i n v e r s e  problem. The few o t h e r  
pape r s  devoted t o  t h i s  impor tan t  problem have appeared only re 
c e n t l y  C9, 21, 6 9 ,  701. 

Let us f i r s t  c o n s i d e r  t h e  problem o f  r e c o n s t r u c t i n g  t h e  t e m 
p e r a t u r e  p r o f i l e  f o r  t h e  case  of s o l i d  c loud cover .  The emissiv
i t i e s  of  many types  of c louds ( f o r  g r e a t e r  d e t a i l ,  see $1, Chap
t e r  3 )  approach u n i t y  i n  the  i n f r a r e d .  T h i s  means t h a t  from t h e  
o p t i c a l  s t a n d p o i n t ,  t h e  p re sence  o f  cont inuous cloud cover a t  a 
ce r t a i r ?  l e v e l  i n  t h e  atmosphere i s  e q u i v a l e n t  t o  a tempera ture
p r o f i l e  i n  which isothermy i s  observed downward from cloud l e v e l  
w i t h  T = Tcld. Let  us  s tudy  t h e  p o s s i b i l i t y  of r e c o n s t r u c t i n g  t h e  

tempera ture  d i s t r i b u t i o n  f o r  s o l i d  c loud cover .  F igu re  5.32 shows 
an example i n  which t h e  Planck f u n c t i o n  has been r e c o n s t r u c t e d  f o r  
h igh  c louds .  Recons t ruc t ion  was by t h e  r e g u l a r i z a t i o n  method, and 
the  e r r o r s  of t h e  r a d i a t i o n  measurements i n  the  15-pm C O 2  band 
were 1%.The k e r n e l s  g iven  i n  F ig .  5.17 were used i n  t h e  
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numerical  experiment .  The f i g u r e  shows 
tha t  t h e  maximum r e c o n s t r u c t i o n  e r r o r s  
are observed around the  cloud-top l e v e l ,  
i n  t h e  range  of  t he  s h a r p  t r a n s i t i o n  t o  
isothermy.  The maximum r e c o n s t r u c t i o n  
e r r o r s  are ABm = 4.8 and ABm = 5.25 
erg/cm2*sec*sr*cm- '  , r e s p e c t i v e l y ,  for 
6 = 1 . 0 %  and 6 = 2 % .  An impor tan t  fea
t u r e  of  the  r e c o n s t r u c t e d  B(p)  p r o f i l e
i s  s a t i s f a c t o r y  agreement between t h e  
r e c o n s t r u c t e d  and t r u e  p r o f i l e s  above 
and below t h e  i n f l e c t i o n  p o i n t .  Thus, 
t h e  presence  o f  c louds  does not  exc lude  
the p o s s i b i l i t y  of tempera ture  recon
s t r u c t i o n  i n  t h e  upper l a y e r s  of t h e  
atmosphere by t h e  r e g u l a r i z a t i o n  method. 
I n  t h e  absence o f  any a d d i t i o n a l  i n 
format ion  o t h e r  t h a n  r a d i a t i o n  data 
measured i n  t h e  thermal-sounding chan
n e l s ,  t h e  r e s u l t i n g  p r o f i l e s  can,  i n  
p r i n c i p l e ,  be r ega rded  as genuine.
However, i f  t h e  bare f a c t  of  t h e  
e x i s t e n c e  of  s o l i d  c louds  i s  known, 
i t  w i l l  b e  p o s s i b l e  i n  c e r t a i n  cases  to 
determine t h e i r  t o p  h e i g h t .  

Recons t ruc t ion  of  t h e  tempera ture
d i s t r i b u t i o n  under p a r t l y  cloudy con
d i t i o n s  i s  a d i f f i c u l t  problem. On t h e  
o t h e r  hand, i t  i s  a h i g h l y  impor t an t  
one.  Even r e l a t i v e l y  s m a l l  "windows" 
i n  cont inuous cloud cover  can be  used 
i n  s o l v i n g  t h e  problem t o  determine 
t h e  tempera ture  d i s t r i b u t i o n  i n  t h e  
l a y e r  of  atmosphere below t h e  c louds .  
A number of pape r s  have proposed t h a t  
t h e  d i f f i c u l t i e s  of s o l v i n g  t h e  t h e r 
mal-sounding problem under p a r t l y
c louds  c o n d i t i o n s  be overcome by 
s h a r p i y  narrowing f i e l d s  t h e  in s t rumen t s .  
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Figure  5.32. Recon
st r u c t i o n  o f  Planck-
Funct ion  D i s t r i b u t i o n  
f o r  S o l i d  Cloud Cover. 
1) True p r o f i l e ;  2 )
p r o f i l e  r e c o n s t r u c t e d  
us ing  a b s o l u t e l y  accu
r a t e  r a d i a t i o n  measure
ments;  3 )  p r o f i l e  r e 
c o n s t r u c t e d  w i t h  a c c i 
d e n t a l  e r r o r  6 = 1%. 

t h e  of T h i s  would i n 
deed i n c r e a s e  t h e  p r o b a b i l i t y  o f  o b s e r v a t i o n s  under t he  condi
t i o n s  o f  unbroken cloud cover  o r  a c l e a n  atmosphere.  However,
s i n c e  t h e  s p a t i a l  dimensions of c loud format ions  va ry  extremely
wide ly ,  t h i s  method does not  e l i m i n a t e  t h e  need for r a d i a t i o n  
measurements under p a r t l y  cloudy c o n d i t i o n s  ( i n  the  ins t rument  
f i e l d )  and, consequent ly ,  does not  e l i m i n a t e  t h e  need f o r  develop
ment o f  methods for i n t e r p r e t a t i o n  of r a d i a t i o n  measurements under 
these c o n d i t i o n s .  

We c i t e  examples i n  which the  atmosphere 's  thermal  s t r u c t u r e  
i s  r e c o n s t r u c t e d  from r a d i a t i o n  measurements made under v a r i o u s  
cloudage c o n d i t i o n s  i n  t he  absence of any in fo rma t ion  on the  
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n a t u r e  of the  c louds .  F igu re
5.33 p r e s e n t s  examples of Planck
f u n c t i o n  r e c o n s t r u c t i o n  f o r  two 
d i f f e r e n t  pe rcen tage  cloud covers  : 
N = 0.33 and N = 0.66. The prob
l e m  was so lved  by t h e  r e g u l a r i z a 
t i o n  method and the  a c c i d e n t a l  
e r r o r  of the measurements was 0.5% 
(case  of thermal  sounding co r re 
sponding t o  t h e  k e r n e l s  shown i n  
F ig .  5 .1 ) .  F igu res  5.32 and 5.33 
show curves f o r  t h e  t r u e  p r o f i l e
and t h e  p r o f i l e s  cor responding  t o  
v a r i o u s  cloudage c o n d i t i o n s .  A s  
w e  see from these f i g u r e s ,  an  ex
tremely impor t an t  p rope r ty  of  t h e  
i n t e r p r e t a t i o n  method employed 
comes t o  l i g h t  here:  t h e  upper 
p a r t s  of t h e  p r o f i l e  are recon
s t r u c t e d  ve ry  a c c u r a t e l y .  Thus, 
t h e  presence  of p a r t i a l  c loud  
cover  i n  t h e  lower atmosphere does 
not  make i t  imposs ib l e  t o  recon
s t r u c t  t h e  thermal  s t r u c t u r e  of 
i t s  upper l a y e r s  even i n  t h e  ab
sence  o f  any a u x i l i a r y  data. 
N a t u r a l l y ,  w e  can t a k e  t h e  B(p)
d i s t r i b u t i o n s  ob ta ined  (see F i g .
5.33) as t h e  t r u e  tempera ture
s t r a t i f i c a t i o n  i n  the  atmosphere
i n  t h e  absence of  i n fo rma t ion  on 
cloudage and i t s  c h a r a c t e r i s t i c s .  
We no te  t h a t  t h e  p re sence  of 
c louds can b e  d e t e c t e d  on com- /321

of t h e  

F igure  5.33. Recons t ruc t ion  
o f  Planck Funct ion  D i s t r i b u 
t i o n  under Condit ions of 
P a r t i a l  Cloud Cover i n  the  
Absence o f  Any In fo rma t ion  
on the Cloud Cover. 1) True 
p r o f i l e  observed i n  t he  at
mosphere; 2 )  f o r  N = 0.33 
(6 = 0 . 5 % ) ;  3 )  f o r  N = 0 .66  
(6 = 0 . 5 % ) .  

p a r i s o n  tempera ture  pro
f i l e s  f o r  c l o s e l y  spaced s u c c e s s i v e  measurements under p a r t l y
cloudy c o n d i t i o n s  because of t h e  s t r o n g  s p a t i a l  v a r i a t i o n  of  t h e  
lower p a r t  o f  t he  p r o f i l e  i n  obse rva t ions  under cloudy c o n d i t i o n s  
w i t h  v a r i o u s  v a l u e s  of N .  

To i l l u s t r a t e  f u r t h e r  t h e  r e c o n s t r u c t i o n  p o s s i b i l i t i e s  under 
p a r t l y  cloudy c o n d i t i o n s ,  w e  p r e s e n t  F ig .  5.34, which w e  have 
borrowed from 1881. T h i s  r e c o n s t r u c t i o n  used a n o n l i n e a r  method, 
assuming a b s o l u t e  accuracy i n  t h e  r a d i a t i o n  measurements. 

L e t  us now examine a number of  methods t h a t  have been pro
posed f o r  thermal  sounding under p a r l y  cloudy c o n d i t i o n s .  These 
methods d i f f e r  from one ano the r  i n  v a r i o u s  ways, bu t  ou r  b a s i c  
c l a s s i f i c a t i o n  f o r  them w i l l  be  based on t h e  use  o f  a d d i t i o n a l  
i n fo rma t ion ,  which i s  necessary  f o r  p r a c t i c a l  a p p l i c a t i o n  o f  t h e s e  
methods. We no te  f i rs t  of a l l  t h a t  i n  t h e  absence of a l l  i n f o r 
mation on the  c louds ,  i t  becomes p r a c t i c a l l y  imposs ib l e  t o  
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r e c o n s t r u c t  t he  tempera ture  d i s 
t r i b u t i o n  i n  t h e  l a y e r  below t h e  
clouds w i t h  s a t i s f a c t o r y  accuracy .  
The same conclus ions  can b e  ar
r i v e d  a t  from a n a l y s i s  of  t h e  re
s u l t s  g iven  i n  [9] .  

T h i s  r e p o r t  w a s  devoted t o  
a s tudy  of t he  p o s s i b i l i t i e s  f o r  
r e c o n s t r u c t i o n  of  B(p)  under the  
cond i t ions  o f  a cloudy atmosphere
s o l e l y  on the  basis of convention
a l  measurements cor responding  t o  
c loudless-atmosphere thermal-
sounding c o n d i t i o n s .  For  example,
i t  was assumed t h a t  r a d i a t i o n  
measurements i n  t h e  l5-pm band 
were made w i t h  a s ix-channel  i n 
s t rument  o r  a modif ied i n s t r u 
ment w i t h  a l a r g e r  number of 
channels .  Reference [ 9 ]  a l s o  
proposed a so -ca l l ed  d i r e c t  
thermal  sounding method e s p e c i a l 
l y  adapted f o r  sounding under 
cloudy-atmosphere c o n d i t i o n s .  
( A  d i r e c t  method has a l s o  been 
used f o r  numerical  experiments
under c loudless-atmosphere con
d i t i o n s  [ 9 2 ,  931.) W e  n o t e  t h a t  
i n  s o  doing ,  t h e  a u t h o r s  of C9l 
d i spensed  w i t h  t h e  n o n l i n e a r  
i n t e r p r e t a t i o n  method, which 
shows how s t r o n g l y  t h e  cloudage
problem may i n f l u e n c e  t h e  s e l e c 
t i o n  of i n t e r p r e t a t i o n  method. 

The p r i n c i p a l  f e a t u r e s  o f  t h e  
are as fo l lows .  F i r s t  o f  a l l ,  the  tempera ture  p r o f i l e
s t r u c t e d  s e p a r a t e l y  f o r  va r ious  l a y e r s  o f  t h e  atmosphere.  The 
atmosphere i s  d i v i d e d  between t h e  t roposphe re  and s t r a t o s p h e r e ,
and i t  i s  assumed t h a t  c louds  can be p r e s e n t  only i n  t he  t ropo
sphe re .  The f i r s t  s t e p  i s  t o  r e c o n s t r u c t  the  thermal  s t r u c t u r e  
of the  s t r a t o s p h e r e .  T h i s  i s  done on the  basis of  measurements 
made i n  th ree  s p e c t r a l  i n t e r v a l s  cen te red  a t  669 ,  677.5, and 
6 9 1  cm". Then a se r ies  o f  poss ib le - tempera ture  d i s t r i b u t i o n s  
i n  t h e  t roposphere  i s  es tab l i shed  i n  t h e  presence  of  c louds .  The  
fo l lowing  hypotheses  may be  inc luded  among t h e  o t h e r  d i s t i n c t i v e  
features o f  t h i s  method. 

1. The tempera ture  p r o f i l e  i s  assumed t o  be known above a 
c e r t a i n  l e v e l  ( f o r  example, from c l i m a t o l o g i c a l  es t imates) .  For  
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Figure  5.34. Recons t ruc t ion  
of Temperature P r o f i l e  
Under Various Cloudage Con
d i t i o n s  by Means o f  Non
l i n e a r  I n t e r p r e t a t i o n
Method. 1) Cloudless  a t 
mosphere; 2 )  N = 0 . 3 ;  3 )  
N = 0 . 7 ;  4 )  N = 1 . 0 .  

d i r e c t  i n t e r p r e t a t i o n  method 
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example, i t  was assumed i n  [9] t h a t  i t  i s  known f o r  p 5 20 m b a r .  

2 .  The p r e s s u r e  a t  ground l e v e l ,  and i n  some cases  t h e  ground 
tempera ture ,  which might be  ob ta ined  from r a d i a t i o n  measurements 
i n  a t r anspa rency  window, a r e  assumed t o  be  known. 

3 .  The  unknown tempera ture  p r o f i l e  or Planck f u n c t i o n  i s  
approximated by s t r a i g h t - l i n e  segments.  The p o i n t s  a t  which t h e s e  
segments meet a r e  s p e c i a l l y  s e l e c t e d .  

Thermal s t r u c t u r e  i n  t h e  t roposphe re  i s  e v a l u a t e d  by us ing  
t h e  t h r e e  (or f o u r  where t h e  modif ied in s t rumen t  i s  concerned)  re
maining thermal-sounding channels .  T h i s  estimate i s  based on 
s e l e c t i o n  of  t h e  t r o p o s p h e r i c  tempera ture  p r o f i l e  a t  which the  
fo l lowing  q u a n t i t y  has i t s  minimum: 

where Jc and Jmsr a r e  t h e  c a l c u l a t e d  and measured r a d i a t i o n  values .  

Here, t h e  fo l lowing  p r o f i l e  parameters  a r e  v a r i e d :  a l t i t u d e  
of t ropopause  ,. thermal  s t r u c t u r e  of ground l a y e r  ( g r a d i e n t  i n  
ground l a y e r ) ,  t empera ture  a t  t o p  of  t roposphe re ,  t r a n s m i s s i o n  
of c louds or percen tage  cloud cover ,  under ly ing-sur face  tempera
t u r e .  I n  t h e  c o n c r e t e  numerical  experiments  performed i n  [SI,
i t  was assumed t h a t  t h e  tempera ture  o f  t he  under ly ing  s u r f a c e  was 
known. The remaining parameters  were v a r i e d  s t e p w i s e ;  f o r  ex
ample, t h e  a u t h o r s  cons ide red  135 d i f f e r e n t  p o s s i b l e  tempera ture
p r o f i l e s  w i t h  9 d i f f e r e n t  t ropopause - l eve l  tempera tures  ( t h e  
t ropopause  l e v e l  was p laced  z t  a l t i t u d e s  r ang ing  from 6 t o  15 k m ) ,
th ree  tempera tures  a t  t he  932-mbar l e v e l ,  and f i v e  cloud t r a n s 
miss ions  or f i v e  cloud-cover pe rcen tages .  A s  w e  s e e  from t h e  data 
c i t e d ,  t h e  d i r e c t  method proposed i n  [g] i s  c h a r a c t e r i z e d  by 
r a t h e r  rough approximations of  t h e  tempera ture  p r o f i l e  and r a the r  
r i g i d  c o n d i t i o n s  imposed on t h e  sought s o l u t i o n .  These cond i t ions  
were s e l e c t e d  from a n a l y s i s  of a l a r g e  number o f  r e a l  p r o f i l e s  ob
se rved  i n  the  atmosphere,  bu t  are undoubtedly a r b i t r a r y  t o  a ce r 
t a i n  degree .  

The r e s u l t s  of t h e  numerical  experiments  performed i n  191 i n 
d i c a t e  t ha t  i n  many cases  t h e  minimum of  R i s  ob ta ined  on p r o f i l e s
q u i t e  remote from t h e  t r u e  thermal  s t r a t i f i c a t i o n  observed i n  the  
atmosphere.  By way o f  example, w e  p r e s e n t  F i g .  5.35, which shows 
a case  of  unsuccess fu l  t empera tu re -p ro f i l e  r e c o n s t r u c t i o n  f o r  a 
s i t u a t i o n  w i t h  c louds  a t  two l e v e l s  (N = 0 . 3  a t  p = 297 mbar  and 
N = 0 . 5  a t  p = 700 m b a r ) .  T h i s  example and o t h e r s  g iven  i n  [91
i n d i c a t e  t h a t  thermal  c o n d i t i o n s  i n  t h e  t roposphe re  may be d e t e r 
mined w i t h  l a r g e  e r r o r s  (up t o  15') when t h e  d i r e c t  i n t e r p r e t a t i o n
method i s  used .  I n  some c a s e s ,  there  are a l s o  wide disagreements
between t h e  r e a l  c loudage c h a r a c t e r i s t i c s  (pe rcen tage  cover and 
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h e i g h t  o f  c loudage)  and t h o s e  d e t e r 
mined by the  d i r e c t  method. From our  
p o i n t  of  view, t h e  r e s u l t s  o f  C9l show 
tha t  i t  i s  necessa ry  t o  u se  a d d i t i o n a l  
i n fo rma t ion  on t h e  cloudage s i t u a t i o n  
i n  o r d e r  t o  r e c o n s t r u c t  t h e  t ropospher 
i c  tempera ture  p r o f i l e  w i t h  s a t i s f a c 
t o r y  r e l i a b i l i t y .  Examples i n  which 
t h e  d i r e c t  method i s  used t o  i n t e r p r e t
data from a c t u a l  measurements w i l l  be  
g iven  i n  $7. 

W. Smith C69, 701 proposes
ano the r  approach t o  s o l u t i o n  of t he  
thermal-sounding problem under p a r t l y
cloudy c o n d i t i o n s .  F i r s t ,  S m i t h  
proposes  t he  use of scanning  i n s t r u 
ments w i t h  s u b s t a n t i a l l y  h ighe r  s p a t 
i a l  r e s o l u t i o n  f o r  thermal  sounding.
T h i s  r e s o l u t i o n  would, f o r  example ,
make it  p o s s i b l e  t o  o b t a i n  about 1 0 0  
frames f o r  t h e  area t h a t  u s u a l l y
forms t h e  h o r i  zont a1 averaging  e le
ment. A sharp  r e d u c t i o n  i n  t h e  in 
s t r u m e n t ' s  f i e l d  ang le  would r e q u i r e  
a s u b s t a n t i a l  dec rease  i n  i t s  spec
t r a l  r e s o l u t i o n  i n  o r d e r  t o  p r e s e r v e  
a h igh  s i g n a l / n o i s e  r a t i o .  Even w i t h  
t h e  h i g h e r  angu la r  r e s o l u t i o n ,  how
e v e r ,  obse rva t ions  a r e  q u i t e  o f t e n  
made under p a r t l y  cloudy c o n d i t i o n s .  
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Figure  5 . 3 5 .  Reconstruc
t i o n  o f  Planck-Function 
P r o f i l e  by Di rec t  Method 
f o r  Clouds a t  Two Levels.  
1) True p r o f i l e ;  2 )  re
c o n s t r u c t e d  p r o f i l e .  

D i r e c t  a c q u i s i t i o n  of data on t h e  tempera ture  p r o f i l e  i n  t h e  
area below clouds i s  an extremely d i f f i c u l t  problem, s i n c e  i t s  
s o l u t i o n  r e q u i r e s  knowledge o f s u c h  parameters  as cloud h e i g h t ,  
amount of c louds ,  and t h e i r  o p t i c a l  p r o p e r t i e s .  Smith t h e r e f o r e  
proposes  a method t h a t  pe rmi t s  e x t r a c t i o n  of t h e  r a d i a t i o n  cor
responding t o  a c l e a n ,  c l o u d l e s s  atmosphere from t h e  r e g i s t e r e d
r a d i a t i o n  data.  S m i t h  t h e n  determines t h e  tempera ture  p r o f i l e  on 
t h e  basis of t h e  i n t e r p r e t a t i o n  method t h a t  w e  desc r ibed  i n  § 4  o f  
t h i s  c h a p t e r .  The method used to s e p a r a t e  t h e  cloudless-atmos
phere  r a d i a t i o n  i s  as f o l l o w s .  For  t he  r a d i a t i o n  measured above 
a c e r t a i n  e lementary area on t h e  e a r t h ' s  s u r f a c e  under p a r t l y
cloudy c o n d i t i o n s  w e  can w r i t e  

J (Av,) =-: NJcld(A~*,)4-(1 -N )J c b  (BY,), (5 .68 )  

where N i s  t h e  pe rcen tage  cloud cover  for t h e  p a r t i c u l a r  i n s t r u 
ment r ead ing  and Jcld(Avi) and Jclr(Avi)  are t h e  r a d i a t i o n s  i n  t h e  
ith s p e c t r a l  i n t e r v a l  f o r  cloudy and c l o u d l e s s  atmospheres , re
s p e c t i v e l y .  
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Havlng a t  least  two sets of  measurements o b t a i n e d  over  d i f 
f e r e n t  areas o f  t h e  s u r f a c e ,  w e  can w r i t e  t he  fo l lowing  s y s t e m  of . 
equa t ions  : 

J ,  ( h i ) .  :N,&d ( h i )  -1- ( 1  -N , )Jblr (AV,), 

J ,  (Av,) : -- N J c u  (Avi) - f- ( I  - 1V.J J i b  (Av,). (5 .69)  

If w e  assume tha t  

t h e  cloudless-atmosphere r a d i a t i o n  can be found from t h i s  s y s t e m .
We t h e n  have from t h e  s o l u t i o n  o f  System (5 .69)  f o r  N1 # N2 

Jclr (*d' (5 .71)  

where N* = N1/N2. 

It i s  proposed t ha t  N* b e  determined from J(w) data measured /326
i n  t h e  t r anspa rency  window. So lv ing  t h e  cor responding  system,
which i s  similar t o  (5 .69 ) ,  f o r  N* i n  t h e  case  of t ransparency-
window o b s e r v a t i o n s ,  w e  o b t a i n  

where J c l r ( w )  i s  t o ' b e  determined by some independent  method, e . g . ,  
w i t h  an u l t r a h i g h - a n g u l a r - r e s o l u t i o n  r ad iomete r  [ T O ] .  The re
quirement  that  (5 .70 )  be s a t i s f i ed  i m p l i e s  i d e n t i c a l  o p t i c a l  prop
e r t i e s  of  the  c louds  and i d e n t i c a l  t o p  he ights  f o r  a d j a c e n t  read
i n g s .  It must be  s a t i s f i ed  q u i t e  f r e q u e n t l y  f o r  t h e  c o n d i t i o n  of 
h igh  spa t i a l  r e s o l u t i o n ,  which i s  an  i n d i s p e n s i b l e  element of W .  
Smi th ' s  scheme. It i s  a l s o  proposed t h a t  t he  r a d i a t i o n  from t h e  
c l e a r  atmosphere be determined by us ing  v a r i o u s  pa i r s  from a large 
se t  (about  1 0 0 )  of measurements made above the  volume of atmos
phere  under s tudy .  I n  t h i s  case ,  Jclr i s  found from the  r e l a t i o n  

(5 .73 )  

where w = 1 - N?.j J 
With t h i s  ave rag ing ,  w e  may expec t  t h e  i n f l u e n c e  o f  a c c i 

d e n t a l  measurement e r r o r s  and errors r e s u l t i n g  f r o m  d i f f e r e n c e s  
i n  c loud  o p t i c a l  p r o p e r t i e s  t o  be weaker. References C69, 703 
p r e s e n t  examples o f  numer ica l  experiments  and r e a l  r e c o n s t r u c t i o n  
under p a r t l y  cloudy c o n d i t i o n s .  The most i n t e r e s t i n g  data 



p e r t a i n i n g  t o  t h e  c a s e  of a r ea l  t empera tu re -p ro f i l e  r econs t ruc 
t i o n  w i l l  be g iven  i n  t h e  next  s e c t i o n .  Here w e  n o t e  only t h a t  
t h e s e  examples demonstrated t h e  promise of Smi th ' s  method for data 
i n t e r p r e t a t i o n  under p a r t l y  cloudy c o n d i t i o n s .  

O.M. Pokrovskiy and Yu.M. Timofeyev [21]  proposed ano the r  
method for s o l u t i o n  of t h e  same problem. I n  deve loping  i t ,  t h e y
proceeded from t h e  n e c e s s i t y  of maximum u t i l i z a t i o n  of e x i s t i n g
thermal-sounding i n s t r u m e n t s .  I n  t h i s  s e n s e ,  t h e i r  method occu
p i e s  a p o s i t i o n  i n t e r m e d i a t e  between t h a t  of W .  Smith and t h e  
method pmposed  i n  [g ] .  For s o l u t i o n  of t h e  thermal-sounding
problem under p a r t l y  cloudy c o n d i t i o n s ,  W .  Smith proposes  t h e  
use  of a new ins t rumen t  w i t h  h i g h e r  s p a t i a l  r e s o l u t i o n  and a 
s p e c i a l  r ad iomete r  for de te rmina t ion  of under ly ing-sur face  t e m 
p e r a t u r e .  The method of House e t  a l .  [ g ]  uses  no measured r e s u l t s  
o t h e r  t h a n  data a c q u i r e d  from a n  in s t rumen t  w i t h  normal s p a t i a l
r e s o l u t i o n .  The method proposed by O.M.  Pokrovskiy and Yu.M. 
Timof'eyev i s  based on use  of a thermal-sounding spec t romete r  w i t h  
a wide . ' f i e ld  and a s p e c i a l  r ad iomete r  (as i n  W. Smi th ' s  method)
for de te rmina t ion  of under ly ing-sur face  and cloud-top tempera tures
( o r ,  more p r e c i s e l y ,  t h e  ground and cloud r a d i a t i o n s ) .  The  method 
i t s e l f  i s  based on the  l i n e a r i t y  of t h e  r e l a t i o n  l i n k i n g  t h e  meas
ured r a d i a t i o n  and t h e  atmospheric  d i s t r i b u t i o n  of Planck ' s  func
t i o n .  We can w r i t e  for t he  clear-atmosphere r a d i a t i o n  

(5 .74)  

where 5 i s  the  cor responding  space  v a r i a b l e .  

A t  t he  same t i m e ,  w e  have t h e  fo l lowing  e q u a l i t y  for radia
t i o n  under s o l i d - o v e r c a s t  c o n d i t i o n s  ( t h e  case  cons idered  i s  tha t  
of c louds  w i t h  E 2 1): 

(5 .75)  

Using the  l i n e a r i t y  p r o p e r t y  of t h e  i n t e g r a l  equa t ions  i n 
volved ,  w e  can w r i t e  

J ( A Y I ) = ( ~  -N)Jclr  +NJcld- 5 / ( I  -N)Bclr f ivBcld] K(Av,sX) dxs ( 5.76) 

where J (Av i )  i s  t h e  r a d i a t i o n  measured under p a r t l y  cloudy condi
t i o n s .  

Thus, s o l u t i o n  of t he  e q u a t i o n  

J (AY,) -= B (x )K (Avl, -r)dX (5 .77)  
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enab les  us to determine  the  f u n c t i o n  B ( x ) ,  which i s  a s u p e r p o s i t i o n  
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of the  p r o f i l e s  of  t h e  cor responding  c l e a r  and so l id-c loudy at
mospheres. Consequently,  w e  have 

z:B (s) (1 -N )  ocl,(.r) f N&ld (x). (5 .78)  

Hence w e  o b t a i n  f o r  t he  Planck-funct ion  p r o f i l e  f o r  t h e  c l e a r  
atmosphere 

(5.79) 

The unknown p r o f i l e  Bclr(x) and, consequent ly ,  t h e  tempera
t u r e  T(x)  can be  determined i f  w e  know t h e  pe rcen tage  cloud cover  
and t h e  p r o f i l e  under cloudy-atmosphere c o n d i t i o n s .  L e t  us ex
amine t h e  p o s s i b i l i t i e s  f o r  de te rmining  these q u a n t i t i e s  from 
s a t e l l i t e  o b s e r v a t i o n s .  The pe rcen tage  c loud iness  can b e  ob ta ined  /328
from o b s e r v a t i o n s  o f  the  s t a t e  of t h e  cloud cover  t h a t  are now 
be ing  conducted from many weather s a t e l l i t e s .  On t h e  o t h e r  hand, 
t h i s  c h a r a c t e r i s t i c  might be determined from measured t r a n s p a r 
ency-window data w i t h  the  same s p a t i a l  r e s o l u t i o n  as measurements 
i n t ended  f o r  d i r e c t  u se  i n  s o l v i n g  the  thermal-sounding problem.
We can w r i t e  f o r  t h e  transparency-window r a d i a t i o n  

J (.) ' "L'I!?,ld f (1 -N )Bgrd I (5.80) 

whence w e  have 

Where B
g r d  

i s  t h e  r a d i a t i o n  from t h e  ground s u r f a c e .  

R e l a t i o n s  (5 .80)  and (5 .81 )  do not  account  f o r  t r a n s f o r m a t i o n  
of the  r a d i a t i o n  by t h e  atmosphere,  b u t  t h i s  can be  cons idered  by
t h e  methods s e t  f o r t h  i n  Chapter 3 .  Using measurements made w i t h  
an u l t r a h i g h - s p a t i a l - r e s o l u t i o n  rad iometer  t o  de te rmine  t h e  cloud-
and ground-surface r a d i a t i o n s ,  w e  can de te rmine  t h e  pe rcen tage
c loud  cover from (5 .81 ) .  

The cloudy-atmosphere p r o f i l e  of t h e  Planck f u n c t i o n ,  which 
appears  i n  ( 5 . 7 9 ) ,  can be  determined i f  t h e  cloud-top B(pcld) i s  
known (.for example, from measurements made w i t h  t h e  u l t r a h i g h 
s p a t i a l - r e s o l u t i o n  r a d i o m e t e r ) .  Indeed,  as w e  see from Fig .  5 .32,  
Bcld i s  e q u i v a l e n t  t o  t h e  cloudless-atmosphere p r o f i l e  f o r  p < pcld 

('cld i s  t h e  p r e s s u r e  a t  cloud-top l e v e l )  and B(p)  z BIT(pcld)] 

f o r  p > pcld. Thus, knowing BIT(pcld)],  we can o b t a i n  Bcld(p) 
from t h e  r e c o n s t r u c t e d  B(p)  p r o f i l e .  On t h e  o t h e r  hand, the pro
f i l e  f o r  s o l i d - o v e r c a s t  cond i t ions  can be ob ta ined  i n  t h e  process
o f  s o l v i n g  t h e  i n v e r s e  problem f o r  o b s e r v a t i o n s  under s o n d i t i o n s  
o f  s o l i d  c loud cover  ( F i g .  5 .32 ) .  



Figure  5.36. Recons t ruc t ion  of Planck-
Func t ion  P r o f i l e  for P a r t l y  Cloudy Condi
t i o n s  (N = 0.33) .  1) True p r o f i l e ;  2 )
p r o f i l e  i n  c l o u d l e s s  atmosphere (6 = 0.5%, 

ATcld  = 1 ° K ) ;  3)  p r o f i l e  B(p) ob ta ined  by 
s o l v i n g  Eq.  ( 5 . 7 7 ) .  

We now p r e s e n t  a few examples t o  i l l u s t r a t e  r e s u l t s  ob ta ined  
from t h e  proposed method [21]. F i g u r e  5.36 shows an example of 
r e c o n s t r u c t i o n  o f  B ( p )  under p a r t l y  cloudy c o n d i t i o n s  (N = 0.33)
and w i t h  an a c c i d e n t a l  measurement e r r o r  of 0 . 5 % .  I n  t h i s  example,
i t  was assumed tha t  t h e  tempera ture  a t  cloud-top l e v e l  w a s  known 
w i t h  an error ATcld = 1 ° K .  Recons t ruc t ion  of B(p)  from p r o f i l e  
data o b t a i n e d  by s o l v i n g  t h e  s o l i d - o v e r c a s t  i n v e r s e  problem leads 
t o  approximately t h e  same r e s u l t s .  Numerical experiments  have 
shown tha t  t h e  r e c o n s t r u c t i o n  e r r o r  i n c r e a s e s  w i t h  i n c r e a s i n g  per 
centage c loud iness  because o f  t h e  s m a l l e r  amount of  r a d i a t i o n  
a r r i v i n g  from l a y e r s  o f  t he  atmosphere below t h e  c louds .  The 
maximum r e c o n s t r u c t i o n  e r r o r s  are13-ll erg/cm2.sec*sr*cm” a t  N = 
= 0.33 and 5-6 erg/cm2*sec*sr*cm’ f o r  N = 0 . 6 6 ,  corresponding to 
2-3 and 3.0-4.5O, r e s p e c t i v e l y ,  under t h e  c o n d i t i o n s  of the  ex
periment . 
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Figure  5.37. Recons t ruc t ion  o f  Planck-
Funct ion  P r o f i l e  f o r  P a r t l y  Cloudy Con
d i t i o n s  ( N  = Oi33). Case of  I n t e r p r e t a 
t i o n  o f  Data when N . i s  Assigned w i t h  
E r r o r .  1) True p r o f i l e ;  2 )  r e c o n s t r u c t e d  
f o r  N = 0 . 3 8 ;  3 )  r e c o n s t r u c t e d  f o r  N = 
= 0 . 2 8 .  

Under r ea l  c o n d i t i o n s ,  N may be known w i t h  an e r r o r .  We es
t ima ted  t h e  i n f l u e n c e  o f  e r r o r s  i n  a s s i g n i n g  pe rcen tage  cloud 
cover on t h e  accuracy of Planck-funct ion p r o f i l e  r e c o n s t r u c t i o n  
i n  t h e  l a y e r  below t h e  c louds .  F i g u r e  5 . 3 7  shows a n  example in 
which Bclr i s  r e c o n s t r u c t e d  f o r  t he  case  N = 0.33 and 6 = 0 . 5 .  

The va lues  N = 0.38 and N = 0 . 2 8 ,  which correspond t o  e r r o r s  o f  
about  15%i n  assignment o f  N ,  were used i n  r educ ing  t h e  data.  A s  /330 
w e  s e e  from t h e  f i g u r e ,  t he  maximum e r r o r s  are observed nea r  t h e  
ground s u r f a c e  and amount t o  6-7 erg/cm2-sec*sr-cm" ( 4 - 5 O ) .  

We performed such numerical  experiments no t  only f o r  high
clouds (F igs .  5.32-5.37),  bu t  a l s o  for middle- and lower- leve l  
c louds .  It was found t h a t  r e c o n s t r u c t i o n s  o f  t h e  tempera ture
s t r a t i f i c a t i o n  under t h e  cond i t ions  o f  s o l i d  and p a r t i a l  c loud 
cover a t  middle  and lower l e v e l s  on t h e  b a s i s  of d a t a  measured i n  
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s i x  thermal-sounding channels  (see F ig .  5 .1)  are burdened w i t h  
app rec i ab ly  l a r g e r  e r r o r s , ‘  e s p e c i a l l y  f o r  t h e  case  o f  low c louds  
T h i s  i s  because measurements i n  these s i x  channels  g ive  us very
l i t t l e  in fo rma t ion  on t h e  thermal s i t u a t i o n  i n , t h e  lower l e v e l s  
of t h e  t roposphere .  The a d d i t i o n  o f  more t r a n s p a r e n t  sounding
channels ,  e . g . ,  a t  v = 750 cm-’ or v = 743 cm”, y i e l d s  a sub
s t a n t i a l  improvement i n  the  accuracy of t h e  B ( p )  r e c o n s t r u c t i o n .  
I n  t h e  methbd proposed,  as we noted- above, i t  3 s  assumed tha t  t h e  
cloud e m i s s i v i t i e s  are c l o s e  to u n i t y .  Its a p p l i c a t i o n s  are 
t h e r e f o r e  more l i m i t e d  t h a n  t h o s e  of  W .  S m i t h ’ s  method. It w i l l  
subsequent ly  be  necessary  t o  g e n e r a l i z e  t h e  method, ex tend ing
it t o  cases  of c loud cover  whose e m i s s i v i t i e s  d i f f e r  apprec i ab ly
from u n i t y .  

The methods examined above for r e c o n s t r u c t i o n  of t he  atmos
phe re ’ s  thermal  s t a t e  under p a r t l y  cloudy c o n d i t i o n s  have been 
based on the assumption of c o n s t a n t  angu la r  s e n s i t i v i t y  o f  t h e  
measuring in s t rumen t s  ( R e l a t i o n s  ( 5 . 6 8 ) ,  ( 5 . 7 6 ) ) .  I f  t h e  devia
t i o n s  from t h i s  hypo thes i s  are l a r g e ,  i n t e r p r e t a t i o n  o f  t h e  data 
under p a r t l y  cloudy cond i t ions  becomes much more complicated.  Fo r  
example, ca ses  may b e  observed i n  which d i f f e r e n t  r a d i a t i o n  va lues  
are ob ta ined  for t h e  same c loud  cover  (assuming d i f f e r i n g  angu la r  
s t r u c t u r e s  of t h e  outgoing  r a d i a t i o n ) .  

$7. 	EXAMPLES OF R E C O N S T R U C T I O N  O F  THE THERMAL-STRUCTURE CHARACTER
ISTICS OF THE ATMOSPHERE UNDER REAL C O N D I T I O N S  

The f i r s t  exper imenta l  de t e rmina t ion  o f  t h e  tempera ture  d i s 
t r i b u t i o n  i n  t he  atmosphere from measurements o f  t h e  outgoing
r a d i a t i o n  i n  t h e  15-pm carbon d iox ide  band a t  h igh  a l t i t u d e  w a s  
made i n  1 9 6 4  i n  Texas and d e s c r i b e d  i n  C2.41.  A U . S .  Weather 
Bureau s ix-channel  spec t romete r  w a s  used i n  t h i s  experiment .  It 
had been preceded by an experiment to determine the  atmosphere’s 
tempera ture  d i s t r i b u t i o n  by means o f  ground i n f r a r e d  r a d i a t i o n  
measurements [97].  L e t  us no te  f i r s t  o f  a l l  t ha t  t h e  p o s s i b i l i 
t i e s  of  de te rmining  tempera ture  p r o f i l e s  by i n t e r p r e t a t i o n  of 
measured incoming- inf ra red  data  are q u i t e  l i m i t e d .  T h i s  i s  be
cause t h e  major pa r t  of t h e  r a d i a t i o n  i s  formed i n  t h e  lower,  
dense layers  o f  t h e  atmosphere i f  t h e  measurements are made i n  
s p e c t r a l  i n t e r v a l s  5-10 cm-’ i n  wid th .  Considerably more favor
able cond i t ions  f o r  ground-based sounding p r e v a i l  i n  t h e  micro
wave r e g i o n  because of t h e  h i g h e r  s p e c t r a l  r e s o l u t i o n s  of e x i s t 
i n g  microwave i n s t r u m e n t s .  

I n  t h e  experiment  d e s c r i b e d  i n  [97],  the  incoming r a d i a t i o n  
w a s  measured i n  e i g h t  s p e c t r a l  i n t e r v a l s  i n  t h e  15-pm Con band. 
The  c e n t e r s  of these i n t e r v a l s  were l o c a t e d  as fo l lows :  667.5, 
677.5, 688.5, 694.5, 702.5, 727.5, 747.5, and 899 cm-’, and the  
ins t rument  had a s p e c t r a l  r e s o l u t i o n  of 5 cm-’. The t r a n s m i s s i o n  
f’unctions of the  r e s p e c t i v e  i n t e r v a l s  were acqu i red  expe r imen ta l ly
i n  the l a b o r a t o r y ,  u s i n g  an in s t rumen t  w i t h  t h e  same s p e c t r a l
r e s o l u t i o n .  The tempera ture  v a r i a t i o n  of t h e  t r a n s m i s s i o n  
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Figure  5.38.  Recons t ruc t ion  o f  
Temperature P r o f i l e  from Incoming-

f u n c t i o n s  w a s  t a k e n  i n t o  
account  t h e o r e t i c a l l y .
The Curtis-Godson method 
was used t o  o b t a i n  the  
real-atmo sphe re  t r ansmis  
s i o n  f u n c t i o n s .  The i n f l u 
ence of  water vapor absorp
t i o n  was a l s o  t aken  i n t o  
account  i n  c a l c u l a t i n g  them. 
Transmission f u n c t i o n s  cor
r e c t e d  f o r  t h e  combined 
carbon d i o x i d e  and water 
vapor  a b s o r p t i o n s  were ob
t a i n e d  by c r o s  s - m u l t i p l i  ea
t i o n  (see $ 4  o f  Chapter 11, 
u s i n g  expe r imen ta l  data f o r  
continuum a b s o r p t i o n  and 
t h e o r e t i c a l  data  t o  account 
f o r  a b s o r p t i o n  i n  ind iv idu 
a l  s D e c t r a l  l i n e s  i n  c a l 
c u l a t i o n  o f  t h e  water-vapor
t r a n s m i s s i o n  f u n c t i o n s .  
The tempera ture  p r o f i l e  was 
r e c o n s t r u c t e d  by a method 
i n  which the  unknown func
t i o n  w a s  expanded i n  a cer 
t a i n  basis and smoothing
mechanisms were a p p l i e d  i n  
s o l v i n g  t h e  cor responding
a l g e b r a i c  e q u a t i o n  system
(see $ 2  o f  t h i s  c h a p t e r ) .
I n  [97],  t h e  expansion w a s  
performed w i t h  r e s p e c t  t o  
two b a s e s ;  a t r i gonomet r i c
basis and a b a s i s  o f  em
p i r i c a l  o r thogonal  func
t i o n s  ( v e c t o r s ) .  E igh t  
terms of  t h e  s e r i e s  were 
used i n  t h e  t r igonomet r i c -
basis  expansion,  and f o u r  
i n  t h e  expansion i n  t h e  em
p i r i c a l l y  o r thogona l  basis .  
F igu re  5.38 shows examples
of r e c o n s t r u c t i o n  u s i n g
t h e s e  two b a s e s .  W e  s e e  
t ha t  t h e  agreement w i t h  
rad iosonde  data i s  b e t t e r  
i n  t h e  case  o f  t h e  t r i g o 
nometr ic  basis  up t o  p = 
= 850 mbar ;  above t h i s  
l e v e l ,  use  of  t h e  empir i 

r e s u l t s ,  The  au tho r s  of C971 
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Radia t ion  Measurements Made i n  
the l5-pm C02 Band. a )  2 1  Septem
b e r  1962 ;  b )  22 September 1962; 
1) r a d i o  sounding data;  2 )  so lu 
t i o n  us ing  e m p i r i c a l  o r thogonal
basis ;  3 )  s o l u t i o n  us ing  t r i g o 
nometr ic  basis .  

c a l l y  o r thogona l  basis g i v e s  b e t t e r  



n o t e ,  however, t ha t  t h i s  agreement i s  of r e l a t i v e l y  l i t t l e  impor
t a n c e ,  s i n c e  very  l i t t l e  in fo rma t ion  i s  a v a i l a b l e  on t h e  tempera
t u r e  p r o f i l e  above p < 850 mb i n  r a d i a t i o n  data  measured i n  t h e s e  
i n t e r v a l s .  I n  t h e i r  op in ion ,  i t  i s  more impor tan t  t h a t  none of 
t h e  approaches made i t  p o s s i b l e  to d e t e c t  a tempera ture  i n v e r s i o n  
a t  about p = 850 mbar.  

The a u t h o r s  of C971 made s imi la r  r e c o n s t r u c t i o n s  of t h e  t e m 
p e r a t u r e  p r o f i l e  on t h e  b a s i s  of data measured i n  f o u r  s p e c t r a l
i n t e r v a l s  ( 6 6 7 . 5 ,  694 .5 ,  7 1 2 . 5 ,  and 747 .5  cm-l). T h e  r e s u l t i n g  
tempera ture  p r o f i l e  showed p r a c t i c a l l y  no d i f f e r e n c e s  from t h a t  
shown i n  F ig .  5.38. T h i s  f a c t  sugges t s  t h a t  most of t h e  informa
t i o n  on t h e  the rma l  s t a t e  of t h e  lower atmospheric l a y e r s  i s  p re 
s e n t  i n  no more t h a n  f o u r  r a d i a t i o n  measurements (need le s s  to s a y ,
for a g i v e n  tempera ture  p r o f i l e  and a g iven  exper imenta l  e r r o r ) .  

Reference C981 o f f e r s  a de t a i l ed  a n a l y s i s  of t h e  r e s u l t s  of 
t empera tu re -p ro f i l e  r e c o n s t r u c t i o n s  from outgoing r a d i a t i o n  data  
measured i n  t h e  15-pm C O 2  band on a h i g h - a l t i t u d e  a e r o s t a t  (May
1 9 6 6 ,  Texas and S i x  F a l l s ,  U S A ) .  The r a d i a t i o n  measurements were 
made w i t h  a U . S .  Weather Bureau s ix-channel  spec t rometer .  For  a l l  
s p e c t r a l  i n t e r v a l s  except  t ha t  cen te red  on v = 669 em-', t h e  
t r a n s m i s s i o n  f u n c t i o n s  of' carbon d ioxide  were computed from a 
random-superposit ion model of  E lsasser  bands,  u s i n g  t h e  Cur t i s -
Godson method t o  account  f o r  t h e  inhomogeneity of t h e  r e a l  a t 
mosphere. The t r a n s m i s s i o n  f u n c t i o n s  were compared w i t h  l abo ra 
t o r y  t r ansmiss ion  measurements t o  check t h e  accuracy of t h e  c a l 
c u l a t e d  r e s u l t s .  The t r a n s m i s s i o n  f u n c t i o n  for t h e  segment a t  
v = 669 cm-' was ob ta ined  through s p e c i a l  l a b o r a t o r y  experiments  
w i t h  t h e  same 5-cm-l s p e c t r a l  r e s o l u t i o n .  The water vapor t r a n s 
miss ion  f u n c t i o n s  were c a l c u l a t e d  u s i n g  t h e  random model (to
d e s c r i b e  t h e  a b s o r p t i o n  due to t h e  s p e c t r a l  l i n e s  of water vapor)
and exper imenta l  va lues  of t h e  abso rp t ion  c o e f f i c i e n t s  to account  
for continuum abso rp t ion .  Data from radiosonde measurements of 
t empera ture  and humidity d i s t r i b u t i o n  were a l s o  used to o b t a i n  t h e  
real-atmosphere t r a n s m i s s i o n  f u n c t i o n s .  The au tho r s  of C981 r e 
p o r t  t ha t  f o r  r e c o n s t r u c t i o n  under r e a l  c o n d i t i o n s ,  i t  i s  neces
s a r y  to use  averaged tempera ture  p r o f i l e s  and success ive  approxi
mations to take account of t h e  tempera ture  v a r i a t i o n  o f  t h e  t r a n s 
miss ion  f u n c t i o n s  and t o  have independent  i n d i r e c t  es t imates  of 
t h e  a tmospheric  water vapor d i s t r i b u t i o n .  

An e m p i r i c a l  o r thogona l  basis  cons t ruc t ed  from r a d i o  sound
i n g  d a t a  for neighbor ing  s t a t i o n s  and corresponding t i m e s  of y e a r  
was used i n  r e c o n s t r u c t i n g  t h e  tempera ture  p r o f i l e .  F i v e  empir i 
c a l  o r thogonal  f u n c t i o n s  were used to reduce d a t a  obta ined  a t  
P a l e s t i n e ,  Texas and s i x  for measurements a t  S i x  F a l l s .  F igures
5.39 and 5 . 4 0  show examples of t empera tu re -p ro f i l e  r econs t ruc 
t i o n  t o g e t h e r  w i t h  t empera ture  data from radiosondes .  (It should  
be  noted  t h a t  t h e  r e s u l t s  of d i r e c t  t empera ture  measurements pe r 
t a i n  to ad jacen t  r a d i o  sounding s t a t i o n s .  ) The r e c o n s t r u c t e d  t e m 
p e r a t u r e  p r o f i l e  for t h e  measurement a t  P a l e s t i n e  d i f f e r s  
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Figure  5.39. Recons t ruc t ion  of Temperature
P r o f i l e .  P a l e s t i n e ,  Texas.  a ,  b )  Clear sky;
c )  s o l i d  cloud cover;  1) rad iosonde  data;  2 )
r e c o n s t r u c t e d  p r o f i l e .  

app rec i ab ly  from the  t r u e  p r o f i l e  around t h e  t ropopause .  After 
ana lyz ing  a number of  p o s s i b l e  causes  f o r  these d e v i a t i o n s  from 
t r u e  d i s t r i b u t i o n ,  t h e  a u t h o r s  of  [98] concluded tha t  t he  e r r o r s  
r e s u l t e d  from use  of t he  e m p i r i c a l l y  o r thogona l  basis.  It was 
found tha t  t h e  s i t u a t i o n  observed d u r i n g  the  r a d i a t i o n  measure
ments at P a l e s t i n e  was n o n c h a r a c t e r i s t i c  w i t h  r e s p e c t  t o  t h e  s e t  
of tempera ture  d i s t r i b u t i o n s  used i n  c o n s t r u c t i n g  t h i s  basis ,  s o  
tha t  i t  was p r a c t i c a l l y  imposs ib l e  t o  o b t a i n  an  a c c u r a t e  s o l u t i o n  
w i t h  t h i s  basis. I n  t h i s  c o n t e x t ,  t h e  a u t h o r s  of  [98] draw a t 
t e n t i o n  t o  t h e  importance of c a r e f u l  c o n s t r u c t i o n  of t h e  empir i 
c a l  o r thogonal  basis .  On t h e  o t h e r  hand, t h i s  s u g g e s t s  t h e  poss i 
b i l i t y  o f  major r e c o n s t r u c t i o n  e r r o r s  r e s u l t i n g  from t h e  use of 
a p r i o r i  s t a t i s t i c a l  i n f o r m a t i o n  t h a t  i s  inadequa te  t o  t he  
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r e a l i z a t i o n  under s tudy  ( p e r t a i n s  t o  
ano the r  t i m e  of y e a r ,  ano the r  loca
t i o n ,  or d i f f e r e n t  c loudage condi
t i o n s ) .  Thus, t he  r e s u l t s  of t he  
a n a l y s i s  given i n  C981 do n o t  ag ree
w i t h  M.S. Malkevich's conclus ion  
[ll] t o  t h e  e f f e c t  t ha t  t h e  "poor"
or thogonal  basis  t h a t  he ob ta ined  
by a n a l y s i s  of  numerical-experiment
r e s u l t s  could be  used i n  tempera
ture r e c o n s t r u c t i o n s .  

F igu re  5.39b p r e s e n t s  an example
of t empera tu re -p ro f i l e  r econs t ruc 
t i o n  f o r  s o l i d - o v e r c a s t  c o n d i t i o n s .  
I n  t h i s  ca se ,  t h e  a u t h o r s  o f  [981
solved  t h e  i n t e g r a l  e q u a t i o n  

where t = l o g  p and tc i s  t h e  l e v e l  
of t h e  c louds .  

S ince  tc ,  and,  consequent ly ,  
the  cloud-top p r e s s u r e  pc  are un

1 3 3 6  

I , 

I I 
200 240 

Figure  5.40.  Example of 
Tempera ture-Prof i le  R e 
c o n s t r u c t i o n .  S i x  F a l l s ,  
( U S A ) .  1) Radiosonde data; 

r e c o n s t r u c t e d  p r o f i l e .2 )  

known, t h e  i t e r a t i v e  s o l u t i o n  method was used. The f i r s t  e s t i 
mate for p c  was used t o  f i n d  t h e  tempera ture  d i s t r i b u t i o n  T ' ( p ) .  
Then, u s ing  t h i s  p r o f i l e  and independent  c loud top  tempera ture  
measurements made i n  t h e  t r anspa rency  window, t he  p r e s s u r e  a t  
cloud-top l e v e l  w a s  improved and the  s o l u t i o n  of the  i n v e r s e  prob
l e m  r e p e a t e d .  

The measured r a d i a t i o n  data  f o r  the  case  of P a l e s t i n e ,  Texas 
were a l s o  reduced by Yu.M. Timofeyev and O.M. Pokrovskiy C951. 
They used no a p r i o r i  s t a t i s t i c a l  i n fo rma t ion  on the  unknown pro
f i l e .  The problem was so lved  w i t h  f i v e  r a d i a t i o n  v a l u e s  i n  the  
669, 677.5, 691, 697 ,  and 703 cm-' channels ,  which belong t o  t h e  
1 5 - y m  C O 2  band, and r a d i a t i o n  i n  the t r anspa rency  window ( v  I899 
cm' ) t o  determine under ly ing-sur face  tempera ture .  The r e g u l a r i 
z a t i o n  method w a s  used i n  r educ ing  t h e  data, and the  quasioptimum
approximation was s e l e c t e d  on the  basis of  C r i t e r i o n  (5 .40 ) .  The 
v a l u e  o f  B at  t he  radiation-measurement l e v e l  w a s  a l s o  used i n  re
c o n s t r u c t i n g  t h e  t empera tu re  p r o f i l e  t o  a s s i g n  a boundary condi
t i o n  a t  the  p r o f i l e  upper l i m i t .  F igu re  5.41 p r e s e n t s  curves  t h a t  
c h a r a c t e r i z e  the  t empera tu re -p ro f i l e  r e c o n s t r u c t i o n  e r r o r .  It i s  
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kJP a p1o.t of t he  d e v i a t i o n s  o f  t he  so lu -
Q6r t i o n s  from radiosonde  da ta :  AT = Trad 

- Trecon . A s  we s e e  from t h e  f i g u r e ,  
the  e r r o r  i s  approximately the  same f o r  
bo th  methods when it  i s  averaged over 
t h e  e n t i r e  range  o f  r e c o n s t r u c t i o n .  
Curve 2 i s  somewhat c l o s e r  t o  the  t r u e  
p r o f i l e  i n  t h e  range  from 1 0 0 0  t o  1 0 0  
mbar ,  and s l i g h t l y  f a r the r  from it  a t  
p < 100  mbar .  

The a c c i d e n t a l  e r r o r s  of  t h e  ex
per iment  used t o  de te rmine  t h e  tempera
t u r e  p r o f i l e  were about  2 % .  It was 
found on t h e o r e t i c a l  c a l c u l a t i o n  of 
the ou tgo ing- rad ia t ion  v a l u e s  from t h e  
known tempera ture  p r o f i l e  and known 
t r a n s m i s s i o n  f u n c t i o n s  t h a t  t h e  meas
ured va lues  d i f f e r  from the  c a l c u l a t e d  
r e s u l t s  by 6-10%. N a t u r a l l y ,  such a 
s u b s t a n t i a l  disagreement  cannot be  ac
counted f o r  e n t i r e l y  by a c c i d e n t a l  ex
pe r imen ta l  e r r o r s .  Moreover, i t  was 

Figure  5.41. Accuracy found t h a t  t he  disagreement  between 
of Temperature Pro- theo ry  and experiment  i s  s y s t e m a t i c  i n  
f i l e  Recons t ruc t ion  n a t u r e .  It may be due e i t h e r  t o  e r r o r s  
by R e g u l a r i z a t i o n  i n  a s s i g n i n g  t h e  t r a n s m i s s i o n  func-
Method, AT = Trad - t i o n s  o r  s y s t e m a t i c  e r r o r s  i n  the meas
- Trecon . 1) Data o f  urements,  f o r  example, e r r o r s  i n  t h e  

a b s o l u t e  c a l i b r a t i o n  of t h e  spectrom-
C981; 2 )  r econs t ruc - e t e r .  ( I n  a d d i t i o n ,  c e r t a i n  e r r o r s  may
t i o n  by r e g u l a r i z a - ar ise  as a r e s u l t  of numerical  i n t e 
t i o n  method; 3 )  re- g r a t i o n  i n  t h e  t h e o r e t i c a l  c a l c u l a t i o n s . )
c o n s t r u c t i o n  from I f  we assume t h a t  s y s t e m a t i c  e r r o r s  were 
c o r r e c t e d  r a d i a t i o n  i n c u r r e d  i n  t h e  measurements and c o r r e c t  
va lues .  t h e  r a d i a t i o n  v a l u e s ,  f o r  example by  r e 

d u c i n g z a l l  v a l u e s  by a c o n s t a n t  4 
erg/cm *sec*s r*cm- ' ,  we o b t a i n  a sub

s t a n t i a l  improvement i n  t h e  accuracy of r e c o n s t r u c t i o n  ( t h e  maxi
mum e r r o r  becomes 5" i n s t e a d  of  ~ 8 " ;curve  3 i n  F ig .  5 .41 ) .  I n  
a c e r t a i n  s e n s e ,  t h i s  improvement i s ,  of cour se ,  fudged,  s i n c e  i t  
can be ob ta ined  only i f  t h e  s y s t e m a t i c  error i s  known, which is 
u s u a l l y  not  the  case .  

A Michelson i n t e r f e r o m e t e r  was a l s o  used t o  me.asure t h e  out
going thermal  r a d i a t i o n  on a h i g h - a l t i t u d e  a e r o s t a t  i n  a broad 
frequency r ange .  These measurements, which were conducted i n  t h e  
range from 5 to 20 pm w i t h  an a b s o l u t e  e r r o r  of t h e  o rde r  of 0 . 5  
erg /cm2*sec*sr*cm-l  [Sl], con ta ined ,  i n  p r i n c i p l e ,  i n fo rma t ion  on 
t h e  atmosphere 's  thermal  p r o f i l e  and on t h e  a l t i t u d e  d i s t r i b u t i o n s  
o f  water vapor  and ozone. These measured data were used t o  s o l v e  
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t h e  thermal sounding prob
l e m  by v a r i o u s  methods i n  
s e v e r a l  o f  the  s t u d i e s  to 
be  d i s c u s s e d  below. 

F igu re  5 . 4 2 ,  which w e  
have borrowed from C2.471, 
examines an  example o f  t e m 
p e r a t u r e - p r o f i l e  r e c o n s t r u c 
t i o n  based on i n t e r p r e t a 
t i o n  of  r a d i a t i o n  data 
measured i n  the 15-pm CO2 
band [ S l ] .  An i t e r a t i v e  
s o l u t i o n  method was used 
i n  i n v e r t i n g  [ s i c ;  reduc
i n g ]  t he  data. The z e r o t h  
approximation o f  the  so lu 
t i o n  was t h e  monthly aver
age tempera ture  p r o f i l e .  
A s  w e  see from t h e  f i g u r e ,  
the  r e c o n s t r u c t i o n  e r r o r s  
do not exceed 4 O .  The 
l a r g e s t  e r r o r s  are  observed 
i n  t h e  t ropopause  r e g i o n .  

600 

800 

1000 

-

I F igu re  5 .42 .  Example of Tempera
t u r e - P r o f i l e  Recons t ruc t ion .  1)
Recons t ruc ted  p r o f i l e :  2 )  r a d i o  
sounding data. 
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Figure  5.43. Recons t ruc t ion  of Humidity ( a )  and 
Temperature ( b )  P r o f i l e s  i n  the  Troposphere.  P a l e 
s t i n e ,  Texas,  June 1968.  1) Zeroth approximation;  
2 )  r e c o n s t r u c t e d  p r o f i l e s ;  3, 4) data from d i r e c t  
measurements. 
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Figure  5 .44 .  Recons t ruc t ion  o f  Humidity (a ) !and 
Temperature (b )  P r o f i l e s  i n  t h e  Troposphere.  For 
Legend see F ig .  5.43. 
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Figure  5.45. Recons t ruc t ion  of  Humidity ( a )  and 
Temperature ( b )  P r o f i l e s  i n  t h e  Troposphere from 
Observa t ions  Under P a r t l y  Cloudy Condi t ions .  For 
legend see F i g .  5.43. 

W. Smith [ 6 9 ,  7 0 1  a l s o  used Michelson-interferometer outgoing-
r a d i a t i o n  measurements t o  s o l v e  t h e  thermal-sounding problem. The 
I n t e r p r e t a t i o n  method proposed by Smith (which w e  d i scussed  i n  $ 4  
of t h e  p r e s e n t  c h a p t e r )  p rov ides  f o r  r a d i a t i o n  measurements i n  t h e  



s p e c t r a l  i n t e r v a l s  825-975, 740-780, 730-770, and 717.5-757.5 em-'. 
These data were o b t a i n e d  by summing over  the  corresponding radia
t i o n  v a l u e s  ob ta ined  w i t h  h ighe r  s p e c t r a l  r e s o l u t i o n ,  us ing  t h e  
r e l a t i o n  

s Y1 (4J (4dv 
J (Av') = % s Y l  ( V I  dv 

, i = l ,  2, ..., 
b y 1  

where +,(v) i s  the i n s t r u m e n t a l  f u n c t i o n  of t h e  measuring dev ice ,  
f o r  which the  e x p r e s s i o n  

pl(v)-cof[ "(V-Y,bv -11 

was used. 

F igures  5.43-5.45 show examples of t empera tu re -p ro f i l e  recon
s t r u c t i o n  by t h e  S m i t h  method. F igu re  5.43 shows a p r o f i l e  recon
s t r u c t i o n  based on r a d i a t i o n  va lues  averaged over  th ree  measure
ments. The s o l u t i o n  was ob ta ined  for a smoothing-parameter va lue  
of lo- ' .  F i v e  i t e r a t i o n s  were used t o  o b t a i n  t h e  p r o f i l e  shown i n  
F ig .  5.43. ( T h e  curves  on t h e  l e f t  i n  F igs .  5.43-5.45 p e r t a i n  to 
t h e  t r o p o s p h e r i c  humidity p r o f i l e  and w i l l  b e  analyzed i n  t h e  next  
c h a p t e r . )  F igu re  5.44 shows an example of  a l e s s  s u c c e s s f u l  r e 
c o n s t r u c t i o n  f o r  d i f f e r e n t  exper imenta l  c o n d i t i o n s .  The subs tan
t i a l  d e v i a t i o n s  of t h e  r e s u l t i n g  tempera ture  p r o f i l e  from t h e  
radiosonde data i n  F ig .  5.44 were due, i n  S m i t h ' s  op in ion ,  to 
l a r g e  e r r o r s  observed a t  t h e  t i m e  of  measurement. 

W. Smi th  used r a d i a t i o n  d a t a  measured under p a r t l y  cloudy
cond i t ions  t o  check h i s  proposed method for i n t e r p r e t a t i o n  of 
measurements made under cloudy-atmosphere cond i t ions  ( s e e  §6 of 
t h i s  c h a p t e r ) .  Measurements made a t  t imes at which the re  were 

' 	 vary ing  amounts of c louds i n  t h e  i n s t r u m e n t ' s  f i e l d  were used for 
t h i s  purpose.  F igure  5.45 shows an example of t empera tu re -p ro f i l e
r e c o n s t r u c t i o n  under p a r t l y  cloudy c o n d i t i o n s  by  Smi th ' s  method. 
The r e c o n s t r u c t i o n  was based on measurements cor responding  to 
t h ree  ins t rument  r ead ings .  The v a l u e  of  N* ob ta ined  from a n a l y s i s
of  cloud-cover photographs was 0.363. It w a s  q u i t e  c l o s e  to t he  
f i g u r e  (0.386) ob ta ined  from r a d i a t i o n  i n  t h e  t r anspa rency  window /341
( s e e  $6 of t h i s  c h a p t e r ) .  W .  Smith cons ide r s  t h a t  t h e  t ropospher 
i c  tempera ture  p r o f i l e  could be  r e c o n s t r u c t e d  even more a c c u r a t e l y  
w i t h  improved measurement accuracy and the  use  o f  a cons iderably
l a r g e r  number o f  frames. 

To i l l u s t r a t e  a p p l i c a t i o n  of t h e  d i r e c t  method desc r ibed  i n  
t h e  preceding  s e c t i o n ,  w e  p r e s e n t  F ig .  5 .46,  which shows t h e  re
s u l t s  of r e d u c t i o n  of r e a l  data ob ta ined  from measurements under 
cloudy-atmosphere c o n d i t i o n s  (Septembe'r 1 9 6 4 ,  Texas,  U S A ) .  The 
e r r o r s  become q u i t e  l a r g e  even i n  t h e  case  of r e c o n s t r u c t i o n  o f  
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Figure  5 .46 .  Recons t ruc t ion  of Planck Func
t i o n  by D i r e c t  I n t e r p r e t a t i o n  Method. 1)
Radio sounding data;  2 )  r e c o n s t r u c t i o n  from 
t h e o r e t i c a l  r a d i a t i o n  v a l u e s ; ' 3 )  f rom mea
surements  under c l o u d l e s s  c o n d i t i o n s ;  4 ,  5 )
from measurements i n  t h e  p re sence  of broken 
c louds .  

the B ( p )  p r o f i l e  from exac t  t h e o r e t i c a l  r a d i a t i o n  data for the  
c l o u d l e s s  atmosphere ( cu rve  1): -4" a t  p = 260 mbar and 5" a t  p = 
= 100  mbar.  Curve 2 a l s o  p e r t a i n s  t o  c l o u d l e s s  c o n d i t i o n s ,  bu t  
was ob ta ined  by r educ ing  r e a l  measurements. The r e c o n s t r u c t i o n  
errors a re  s u b s t a n t i a l l y  larger  f o r  i n t e r p r e t a t i o n  of obse rva t ions  
made i n  t h e  p re sence  o f  c louds ( cu rves  3,  4 ) .  

V.F.  Turchin ,  M.S. Malkevich, and I.A. Gorchakova [ 9 9 1  proc
essed a e r o s t a t  measurements by the  s t a t i s t i c a l - r e g u l a r i z a t i o n
method. The problem was i n v e r t e d  by  two schemes: scheme A I ,  i n  
which t h e o r e t i c a l  r a d i a t i o n  va lues  ob ta ined  by c a l c u l a t i o n  were /342
used i n  t h e  i n v e r s i o n ,  and scheme A 2 ,  i n  which t h e  i n v e r s i o n  was 
performed w i t h  r e a l  measured data.  T h i s  enabled t h e  au tho r s  o f  
[ 9 9 ]  t o  make a c a r e f u l  a n a l y s i s  of e r r o r  sou rces  i n  temperature-
p r o f i l e  r e c o n s t r u c t i o n .  Reconstruct ion-accuracy c h a r a c t e r i s t i c s  



3,1 7 0 2  

TABLE 5.10. ERRORS aT = T~ - T~~~~ I N  O C  RESULTING 
FROM ACTUAL'ERRORS OF I N I T I A L  DATA 

~~ 

Palestine, Palestine,
P 8h-30m I 13h30m
P _ _  
fi I .. a 

' : . - .1 - ' 
I I I I I I I 

loo0 0.1' 0,6 '-14,5 0,3 1,3 -1,3 
900 1,7 5,2 ' -5,G 3,2 3.7 3,5 
850 1.7 4.8 -4 3 3,2 4.9 
800 1,s 5.1 -2 3,5 3.4 7.7 
700 1.3 4,3 0,1 2.4 2,2 5,7 
600 1, l  0,5 -1.3 1,0 0.7 5.4 
500 1.0 -0,5 -1,9 -0,2 -1.0 6,7 
400 1.0 -0.7 -2.6 -1.8 -2.9 5.3 

1.1300 1.1 - 0 . 3  4 , 7  2.0 -0.5 
-0.6250 2,6 -1,6 -G,3 -1,7 -5,4 

200 1,9 1.3 2.9 4 , 4  4 , 2  5,3 
150 1,3 4 , 4  -0,B -4.2 -3,4 

4 , 3  
1.9 

100 1.1 4 
7n8 x*6 2.6 0.550 1,2 

-3
2,4 

-G,1 -2.4 -2.1 -2.610 0,7 

can be  ob ta ined  f o r  s e v e r a l  ca ses  of measurements by a n a l y s i s  of 
T a b l e  5.10, which p r e s e n t s  t h e  r e c o n s t r u c t i o n  e r r o r s  f o r  s o l u t i o n  
of t h e  problem by schemes A I  and A2. As w e  s e e  from t h e  t ab le ,  
the va lues  of  t h e  t h e o r e t i c a l  root-mean-square e r r o r  u

j 
o f  t h e  

method used do not  exceed 3O, b u t  t he  e r r o r s  of i n v e r t i n g  t h e  
problem by scheme A I  and e s p e c i a l l y  by scheme A 2  a r e  s u b s t a n t i a l l y
l a r g e r  i n  c e r t a i n  s p e c i f i c  c a s e s .  

Comparison of t h e  t h e o r e t i c a l  and expe r imen ta l  r a d i a t i o n  
va lues  showed t h a t  t h e  a c t u a l  e r r o r s  i n  the  i n i t i a l  data exceed 
1%i n  most c a s e s .  T h i s  accounts  f o r  t h e  s e v e r a l  ca ses  o f  con
s i d e r a b l e  e r r o r s  i n  t h e  r e c o n s t r u c t i o n  of  T from r e a l  measured 
data and s u b s t a n t i a l  d i sagreements  between r e s u l t s  c a l c u l a t e d  by
schemes A 1  and A2. 

The maximum d i f f e r e n c e s  between the  t r u e  d e v i a t i o n s  of T '  
from t h e  mean p r o f i l e  and t h e  r e c o n s t r u c t e d  v a l u e s ,  which are 
observed a t  t h e  e a r t h ' s  s u r f a c e  (Table  5.10, columns 3 and 4 ) ,  
are due, i n  t h e  op in ion  o f  t h e  a u t h o r s  of [991, t o  t h e  f a c t  t h a t  
t h e  problem was i n v e r t e d  by scheme A2 f o r  morning r a d i a t i o n  meas
urements,  w h i l e  t h e  noon t empera tu re  p r o f i l e  w a s  t aken  f o r  com
p a r i s o n .  On t h i s  basis ,  t hey  conclude t h a t  t h e  thermal-sounding /343
method can be used to o b t a i n  t h e  d i u r n a l  tempera ture  v a r i a t i o n ,  
a t  least  i n  t h e  boundary l a y e r  of t h e  atmosphere,  where t h e  t i m e  
v a r i a t i o n s  o f  T are  q u i t e  wide.  

The s t u d i e s  made i n  [99] i n d i c a t e d  t h a t  when t h e  s t a t i s t i c a l -
r e g u l a r i z a t i o n  method i s  used,  i n c r e a s i n g  t h e  number o f  s p e c t r a l
i n t e r v a l s  used from 9 to 45 has p r a c t i c a l l y  no e f f e c t  on the  recon
s t r u c t e d  f u n c t i o n  ( w i t h  a measurement e r r o r  of 1%). The s o l u t i o n  
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becomes u n s t a b l e  f o r  low e r r o r  
l e v e l s  when many i n t e r v a l s  are 
used.  

F i g u r e  5.47 shows a n  examDle 
i n  which the- thermal-sounding
problem i s  s o l v e d  w i t h  outgoing-
r a d i a t i o n  measurements a t  a h e i g h t
of %30 km i n  the  COn band a t  X = 
= 4.5 v m  [ l o o ] .  The large recon
s t r u c t i o n  e r r o r s  (250  at  p = 8 
mbar, l o o  n e a r  the ground) are due 
b a s i c a l l y  t o  s u b s t a n t i a l  measure
ment e r r o r s .  (According t o  rough
estimates made i n  [ l o o ] ,  the  
e r r o r s  ranged from 20 t o  300% i n  
t he  v a r i o u s  s p e c t r a l  i n t e r v a l s .  ) 

The above examples i n  which 
the  thermal-sounding problem i s  
s o l v e d  by i n t e r p r e t a t i o n  of  rea l  
measured data i n d i c a t e ,  on t h e  one 
hand, t he  p r a c t i c a l  p o s s i b i l i t y  of 
a c q u i r i n g  i n f o r m a t i o n  on the  ther 
mal s t r u c t u r e  by t h i s  method and ,  
on the  o t h e r ,  the  need f o r  improve
ment of t he  method t o  o b t a i n  the  /344 

Figure  5.47. Example o f  Tem
p e r a t u r e - P r o f i l e  Reconstruc
t i o n  Using Measurements i n  
the CO2 Band a t  X = 4.3 vm.  
1) Radio sounding data; 2 )
r e c o n s t r u c t e d  p r o f i l e .  

t empera tu re  p r o f i l e  w i t h  h i g h e r  
accuracy.  I n  the c a s e s  t ha t  w e  have cons ide red ,  t he  b a s i c  sou rces  
of r e c o n s t r u c t i o n  e r r o r s  were r e l a t i v e l y  l a r g e  e r r o r s  of  measure
ment .and  of ass ignment  of  i n t e g r a l - e q u s t i o n  k e r n e l s .  I n  c e r t a i n  
.cases, r e c o n s t r u c t i o n  accuracy  i s  a d v e r s e l y  i n f l u e n c e d  by the  i n 
t e r p r e t a t i o n  methods. A l l  of t h i s  i n d i c a t e s  t h a t  a t t a inmen t  o f  
t h e  desired temperature-determining accuracy  w i l l  r e q u i r e  f u r t h e r  
e f f o r t ,  bo th  t h e o r e t i c a l  and expe r imen ta l .  

$8. EXAMPLES O F  INTERPRETATION OF SATELLITE MEASUREMENTS 

L e t  us b r i e f l y  examine the  r e s u l t s  from t h e  f i r s t  s a t e l l i t e  
experiments  i n  thermal sounding of t he  atmosphere.  The Nimbus I11 
weather s a t e l l i t e ,  which c a r r i e d  s e v e r a l  i n s t r u m e n t s  des igned  f o r  
s o l u t i o n  of  t h i s  problem, was launched on 1 4  A p r i l  1969 .  P r e l i m i 
nary r e s u l t s  of i n t e r p r e t a t i o n  of ou tgoing  thermal r a d i a t i o n  meas
urements made i n  t h e  l5-um carbon d i o x i d e  band were pub l i shed  i n  
E102, 1031. 

D. H i l l e a r y  and D. Wark's pape r  [lo21 i s  devoted  t o  r e d u c t i o n  
of measurements made w i t h  t he  s a t e l l i t e  i n f r a r e d  spec t romete r  
(SIRS) (see Chapter 2 ) .  Tab le  5 .11  p r e s e n t s  data t h a t  c h a r a c t e r 
i z e  t h e  p o s i t i o n s  and wid ths  of the  s p e c t r a l  i n t e r v a l s  and t h e  
r a d i a t i o n  va lues  measured i n  these i n t e r v a l s  w i t h  t he  SIRS. It 1345 
i s  r e p o r t e d  i n  11021 t ha t  an  a b s o l u t e  measurement e r r o r  of  



-- 

TABLE 5.11. CHARACTERISTICS OF SIRS AND MEASURED 
R A D I A T I O N  VALUES 

-
Poiition of Width ot 

spectra spectra erg/cmz. sec. n.cm-1 (see Fig. 5 .49 
l-l interval 


24.
- c i - l j - p mB 

1 899.3 11,12 5,353 0,0662 111,2G 107,90 74.92 48.58 
2 750,O 13,33 5,988 0,101j5 105,GO 99,69 83,s 62.56 
3 714,3 14,oo 5,357 0,1050 74.40 68,25 63.30 55.44 
4 70(5,3 14,16 5,221 0,1047 5n194 53,91 52.79 51.29 
5 (399.3 14,30 5,102 0,1043 46.33 45,w 45,73 woo 
G 692.3 14,414 4,986 0,1040 40.96 42.73 46.78 44.85 50.83 
7 G77,8 14,75 4,748 0.1033 53,IG 46,64 48.94 47.10 52.17 
8 6G9.3 14,94 4 , m  0,1028 55.34 5730 58.97 56.02 58.34 

k 2  e r g s / c m 2 * s e c * s r -cm" w a s  a t t a i n e d  i n  t h e  measurements, and tha t  
t h e  r e l a t i v e  e r r o r s  of s imultaneous measurements made i n  d i f f e r e n t  
s p e c t r a l  i n t e r v a l s  ranged  around 0 . 5  e rg /cm2*sec*sr*cm-l .  A 
s p e c i a l  program o f  checkouts  and tes t s  was r u n  du r ing  the  f i r s t  
two weeks of  the  i n s t r u m e n t ' s  o p e r a t i o n .  S p e c i a l  rad iosonde  
launchings were a r r anged ,  b o t h  from t h e  c o n t i n e n t a l  USA and from 
t h e  wes tern  P a c i f i c  Ocean. T h i s  pe rmi t t ed  c a r e f u l  comparisons
of t h e  r e c o n s t r u c t e d  p r o f i l e s  w i t h  data from d i r e c t  t empera ture  
measurements. 

F igu re  5.48 p r e s e n t s  examples i n  which the  tempera ture  pro
f i l e s  ob ta ined  from i n d i r e c t  measurements from t h e  s a t e l l i t e  and 
d i r e c t  rad iosonde  measurements are compared. Our a t t e n t i o n  i s  
drawn f i r s t  of a l l  t o  t h e  proximi ty  o f  t h e  tempera ture  p r o f i l e s
obta ined  by t h e  two methods ( t h e  l a r g e s t  d i f f e r e n c e s  between TrecOn 

and Trad  a r e  ~ 6 % ,and t h e  mean e r r o r s  a r e  cons ide rab ly  s m a l l e r ) .  
The  most impor tan t  d i f f e r e n c e s  between t h e  p r o f i l e s  are observed 
i n  t h e  middle  t roposphe re ,  where t h e  i n d i r e c t  measurements i n d i 
c a t e  h ighe r  t empera tu res .  A s  D .  H i l l e a r y  and D .  Wark p o i n t  o u t ,
t h e  most probable  cause of  t h i s  e f f e c t  may be t ransmission-func
t i o n  e r r o r s .  It i s  sugges ted  t h a t  t h e  r ea l  t r a n s m i s s i o n  va lues  
are 3% lower t h a n  t h o s e  used i n  s o l v i n g  t h e  i n v e r s e  problem. T h i s  
f a c t  i n d i c a t e s  once a g a i n  (see §5 of t h i s  c h a p t e r )  the  importance
of a c c u r a t e  ass ignment  o f  the i n t e g r a l - e q u a t i o n  k e r n e l .  

F igure  5.48b p r e s e n t s  an example of r e c o n s t r u c t i o n  of T from 
r a d i a t i o n  measurements i n  which there  were many h igh  clouds i n  
the  i n s t r u m e n t ' s  f i e l d .  Despi te  t h i s ,  t h e  p r o f i l e s  ag ree  c l o s e l y ,  

/346 
and t h i s  moves D. H i l l e a r y  and D .  Wark t o  t h e  conc lus ion  t h a t  
such h igh  clouds have l i t t l e  i n f l u e n c e  on t h e  outgoing  r a d i a t i o n  
i n  t h e  thermal-sounding channels  and, consequent ly ,  on the  so lu 
t i o n  of the  i n v e r s e  problem. The r e c o n s t r u c t e d  temper'ature pro
f i l e  shown i n  F i g .  5 . 4 8 ~p e r t a i n s  t o  o b s e r v a t i o n s  made w i t h  s o l i d  
c loud cover.  From t h e  640-mbar l e v e l  to t h e  ground, t h e  
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n. k m  D, mbar 

> i g u r e  5.48. Examples of  Temperature-Pro
f i l e  Recons t ruc t ion  on the  Basis o f  Satel
l i t e  Rad ia t ion  Measurements. a )  1 4  A p r i l
1969, Kingston,  Jamaica; b )  25 - A p r i l  1 9 6 9 ,  
Omaha, Nebraska; c )  27 A p r i l  1969, North 
P l a t t e ,  Nebraska; d )  19 A p r i l  1969, Green 
Bay, Wisconsin; e )  18  A p r i l  1969, Reso lu te ,  
no r thwes te rn  Canada; 1) r e c o n s t r u c t e d  pro
f i l e s ;  2 )  r a d i o  sounding data. 

tempera tures  were o b t a i n e d  by i n t e r p o l a t i o n  between t h e  s a t e l l i t e  
data and the  known sur face- tempera ture  v a l u e .  F igu re  5.48, & a n d  e,  p r e s e n t s  o t h e r  T - recons t ruc t ion  examples. 

D. H i l l e a r y  and D. Wark no te  t h a t  the  SIRS sounding r e s u l t s  
do not  conform t o  me teo ro log ica l  requi rements  i n  20% o f  cases .  
But even t h i s  r e l a t i v e l y  small pe rcen tage  may be  reduced fur ther  
by improvements t o  t h e  in s t rumen t  and the  da ta - r educ t ion  method. 
The a u t h o r s  o f  [ l o 2 1  i n d i c a t e  advantages of  s a t e l l i t e  temperature-
p r o f i l e  de t e rmina t ion :  t he  use  o f  one in s t rumen t  t o  a c q u i r e  g l o b a l
t empera tu re - f i e ld  i n f o r m a t i o n ,  t h u s  e l i m i n a t i n g  the  e r r o r s  t h a t  
ar ise  when t h i s  f u n c t i o n  i s  performed by i n s t r u m e n t s  t ha t  d i f f e r  
i n  working p r i n c i p l e ,  r e l i a b i l i t y ,  c a l i b r a t i o n ,  and manufacture;  
t he  absence of t he  r a d i a t i o n  e f f e c t s  t o  which rad iosondes  are sub
j e c t ,  e s p e c i a l l y  i n  t he  s t r a t o s p h e r e .  It i s  stressed i n  [ l o 2 1  
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t h a t  t h e  success  of the  ex
periment  was due p r i m a r i l y  
to t he  h igh  q u a l i t y  o f  t h e  
ins t rument  and w a s  t he  out 
come of i n t e n s e  e f f o r t  span
n ing  t h e  p reced ing  decade. 

The  Nimbus I11 a l s o  ca r 
r i e d  a Michelson in t e r f e rom
e te r  (see Chapter 21, which 
was used to measure the out 
going  r a d i a t i o n  i n  t he  range
from 5 to 2 5  u m  (2000-400
cm-l). The in s t rumen t  had a 
s p e c t r a l  r e s o l u t i o n  of 5 cm-l, 
and t h e  a c c i d e n t a l  e r r o r  of 
t h e  measurements was 0.5-1.0 
e rg /cm2-sec*sr*cm-l .  The 
paper  by R .  Hanel and B. Con
rath [ l o 3 1  p r e s e n t s  p r e l i m i 
nary  r e s u l t s  from i n t e r p r e t a 
t i o n  of  these measurementx. 
The tempera ture  p r o f i l e  w a s  
r e c o n s t r u c t e d  by M.T. Cha
h i n e ’ s  method (see $ 4  of t h i s  
c h a p t e r ) .  An example i n  which 
the  r e c o n s t r u c t e d  tempera ture
p r o f i l e  i s  compared w i t h  
r a d i o  sounding data  appea r s
i n  F ig .  5.49. 

We n o t e  t h e  proximi ty  o f  
t h e  d i r e c t  and i n d i r e c t  t e m 
p e r a t u r e  measurements , bu t  , 
a t  t h e  same t i m e .  s u b s t a n t i a l  
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Figure  5.49. Example of Tempera
ture-Pr of il e  Re c o n s t r u c t i o n  
Based on S a t e l l i t e  Rad ia t ion  
Measurements. 1) Recons t ruc ted  
p r o f i l e  [ l03 ] ;  2 )  r a d i o  sound
i n g  data;  3)  r e c o n s t r u c t i o n  by
r e g u l a r i z a t i o n  method. 

d i s c r e p a n c i e s  ( u i  to loo) between them i n  t h e  r e g i o n  around 1 0 0  
mbar .  R.  Hanel and B.  Conrath n o t e  t h a t  f u t u r e  p l a n s  c a l l  f o r  
improvement of t h e  s p e c t r a l  (to 3 cm-’) and s p a t i a l  r e s o l u t i o n s  
of t he  in s t rumen t ,  lowering of t h e  measurement e r r o r s ,  and a 
change i n  t h e  range  of measurement ( 6 . 2 5 - 5 0  p m )  . 

The same measured r a d i a t i o n  data  were reduced by O.M. Pokrov
s k i y  and Yu.M. Timofeyev’s r e g u l a r i z a t i o n  method. The l a r g e s t
t empera tu re - r econs t ruc t ion  e r r o r s  were Q J ~ O  ( F i g .  5 .49) .  

$ 9 .  CERTAIN PROBLEMS I N  ROUTINE PROCESSING OF R A D I A T I O N  DATA 

Weather s a t e l l i t e s  equipped w i t h  s p e c i a l  i n s t rumen t s  for 
s o l u t i o n  of t he  thermal-sounding problem enab le  us to a c q u i r e
g l o b a l  data on the  atmospheric  t empera tu re  f i e l d .  S ince  radia
t i o n  i s  the  q u a n t i t y  d i r e c t l y  measured, i t  i s  necessary  to use  
the v a r i o u s  i n t e r p r e t a t i o n  methods d e s c r i b e d  above to o b t a i n  t h e  
tempera ture  f i e l d .  N a t u r a l l y ,  because of  t h e  massive numbers o f  
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mci:,urements concerned, t he  data must be p rocessed  on e l e c t r o n i c  
computers (EC's) by programs s p e c i f i c a l l y  des igned  f o r  o p e r a t i o n a l
r e d u c t i o n  of t he  r a d i a t i o n  d a t a .  The s p e c i f i c  scheme used f o r  
such p rocess ing  w i l l  depend to a major degree  on t h e  a lgo r i thm
used to i n v e r t  t h e  problem. 

Various s p e c i a l  i n s t r u m e n t s  f o r  a c q u i s i t i o n  o f  t he  r a d i a t i o n  
measurements needed f o r  t h e  p a r t i c u l a r  i n t e r p r e t a t i o n  method have 
now been b u i l t  o r  are  i n  p r e p a r a t i o n .  A s  y e t ,  p r a c t i c a l l y  no com
p a r i s o n s  have been drawn between the  v a r i o u s  methods; nor  have 
the  f i e l d s  of  t h e i r  optimum a p p l i c a t i o n  been i n v e s t i g a t e d .  Ob
v i o u s l y  , such i n v e s t i g a t i o n s  pe rmi t  an  approach t o  t h e  development
o f  e f f e c t i v e  methods f o r  i n t e r p r e t a t i o n  of r a d i a t i o n  data and w i l l  /349
make p o s s i b l e  a more r i g o r o u s  s o l u t i o n  t o  the  problem of optimum 
measurement c o n d i t i o n s .  Here,  o f  course ,  i t  must be remembered 
t h a t  t h e  m u l t i t u d e  o f  i n t e r p r e t a t i o n  methods and exper imenta l
approaches t o  t h e  thermal-sounding problem a l s o  r e s u l t s  from a 
number of o b j e c t i v e  causes :  the  complexity o f  t he  problem, t h e  
p o s s i b i l i t y  of u s ing  v a r i o u s  methods i n  i t s  s o l u t i o n ,  t h e  vary
i n g  requirements  made of t h e  unknown c h a r a c t e r i s t i c  ( f o r  example,
of t h e  range of r e c o n s t r u c t i o n ) ,  t he  use of v a r y i n g  a p r i o r i  i n 
format ion ,  e t c .  

For example, a t t e n t i o n  should  be  drawn t o  the  f a c t  t h a t  i n  
the  methods t h a t  use l a r g e  amounts of a p r i o r i  i n fo rma t ion  i n  one 
form o r  another  (Kozlov, Smith)  , r a d i a t i o n  measurements i n  ra ther  
broad s p e c t r a l  i n t e r v a l s  are a c c e p t a b l e ,  wh i l e  a number of o t h e r  
methods r e q u i r e  ra ther  h igh  s p e c t r a l  r e s o l u t i o n .  T h i s  problem
r e q u i r e s  f u r t h e r  c a r e f u l  s t u d y .  The immediate f u t u r e  w i l l  ha rd ly  
see t h e  development of a u n i v e r s a l  i n t e r p r e t a t i o n  method and t h e  
system of measurements cor responding  t o  i t  t h a t  w i l l  meet t h e  
e n t i r e  v a r i e t y  of  requi rements  made as t o  knowledge o f  t h e  t e m 
p e r a t u r e  d i s t r i b u t i o n  i n  v a r i o u s  problems. On t h e  o t h e r  hand, 
the  v a r i e t y  of methods p r e s e n t l y  i n  e x i s t e n c e  i s  such as t o  ra ise  
the  impor tan t  q u e s t i o n  of  s tudy ing  and comparing them w i t h  t h e  
purpose of de te rmining  t h e i r  a c t u a l  p o s s i b i l i t i e s  , disadvantages  ,
and advantages.  Research on t h e  combined use  of  v a r i o u s  bands o f  
t h e  spectrum f o r  t he rma l  sounding i s  a l s o  necessa ry .  

Numerical experiments  t o  r e c o n s t r u c t  t h e  tempera ture  p r o f i l e  
are among t h e  methods of  comparat ive a n a l y s i s  of t h e  v a r i o u s  i n 
t e r p r e t a t i o n  methods. L e t  us  c i t e  c e r t a i n  r e s u l t s  ob ta ined  i n  
t h i s  t r e n d  by O . S .  Bogomolov C871. H e  examined , the  fo l lowing
methods of de te rmining  t h e  atmospheric  t empera tu re  d i s t r i b u t i o n :  

a )  a s t a t i s t i c a l  method based on use o f  c o r r e l a t i o n  l i n k s  
between t h e  r a d i a t i o n s  i n  v a r i o u s  s p e c t r a l  i n t e r v a l s  and the  t e m 
p e r a t u r e  va lues  a t  v a r i o u s  l e v e l s  ; 

b )  t h e  optimum-approximation method; 

d )  t h e  method u s i n g  A . N .  Tikhonov's r e g u l a r i z a t i o n  a lgo r i thm.  



The s t a t i s t i c a l  method made use of  t h e  r e g r e s s i o n  equa t ion  

to f i n d  t h e  tempera ture  d i s t r i b u t i o n ;  here Ti i s  t he  unknown and 
-

Ti i s  the  average  tempera ture  a t  the  i t h- l e v e l ,  -r i s  t h e  c o e f f i c - / 3 5 0  


l e n t  o f  c o r r e l a t i o n  between t h e  r a d i a t i o n  tempera ture  i n  t h e  jw

s p e c t r a l  i n t e r v a l  and t h e  a c t u a l  tempera ture  a t  t h e  i t h- l e v e l ,  TJ * 

and 9

j* 
are t h e  measured tempera ture  and the  r a d i a t i o n  tempera ture  


corresponding to t he  mean tempera ture  p r o f i l e  i n  t h e  j t h  s p e c t r a l 

i n t e r v a l ,  and CT and (r are t h e  cor responding  root-mean-square 

d e v i a t i o n s .  Ti TJ 


TABLE 5.12. ACCURACY CHARACTERISTICS OF 
STATISTICAL TEMPERATURE-DETERMINATION 
METHOD 

T a b l e  5.12 p r e s e n t s  accuracy ( e r r o r )  c h a r a c t e r i s t i c s  o f  t h e  
s t a t i s t i c a l  temperature-determining method: a i s  t h e  root-mean
squa re  d e v i a t i o n  o f  t h e  tempera ture  from t h e  exac t  v a l u e s ,  and 
IAlmax i s  t h e  maximum r e c o n s t r u c t i o n  e r r o r .  W e  no te  t h a t  t h e  nu
mer i ca l  experiment  was performed on t h e  assumption of a b s o l u t e l y  
a c c u r a t e  r a d i a t i o n  measurements. The presence  o f  measurement 
e r r o r s  w i l l  no doubt i n c r e a s e  t h e  r e c o n s t r u c t i o n  e r r o r s  subs tan
t i a l l y  . 

The optimum-approximation method y i e l d e d  h i g h e r  r e c o n s t r u c 
t i o n  a c c u r a c i e s .  For example, i n  most ca ses  ( 3 0  d i f f e r e n t  v e r t i 
c a l  t empera ture  p r o f i l e s  were c o n s i d e r e d ) ,  t h e  root-mean-square 
e r r o r  o f  tempera ture  r e c o n s t r u c t i o n  i n  the  1000-100-mbar l a y e r
amounted to 1.7OC over a l l  o f  t h e  cases  cons ide red ,  and the  maxi
mum e r r o r s  were observed around t h e  t ropopause ,  amounting t o  4 - 5 O  
i n  o c c a s i o n a l  c a s e s .  A cons ide rab le  i n c r e a s e  i n  t h e  r e c o n s t r u c 
t i o n  e r r o r s  w a s  observed f o r  complex tempera ture  p r o f i l e s  ( w i t h  
an i n v e r s i o n  o r  isothermy i n  t h e  lower layers  of t h e  atmosphere) .  

The r e g u l a r i z a t i o n  method enabled  O . S .  Bogomolov to o b t a i n  
an average r ep roduc t ion  e r r o r  of  about  lo over  a l l  c a s e s ;  i t  
var ied from 0 . 1  to 1.8O. The l a r g e s t  e r r o r s  i n c u r r e d  i n  use  of 
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t h i s  i n t e r p r e t a t i o n  method came t o  2-3O n e a r  t h e  t ropopause  o r  a t  
the upper l i m i t  o f  t h e  l a y e r  under c o n s i d e r a t i o n .  Thus, O . S .  
Bogomolov's a n a l y s i s  i n d i c a t e s  c e r t a i n  advantages of t he  i n t e r 
p r e t a t i o n  method based on t h e  r e g u l a r i z a t i o n  a lgo r i thm.  However, 
i t  must b e  s t ressed  t h a t  t h i s  conclus ion  p e r t a i n s  t o  a b s o l u t e l y  
a c c u r a t e  r a d i a t i o n  measurements. On the  o t h e r  hand, 0.2,. Bogo- 1 3 5 1  
molov [87] n o t e s  t h a t  t he  r e c o n s t r u c t i o n  o f  r e l a t i v e l y  s imple ,
n e a r l y  l i n e a r  tempera ture  p r o f i l e s  proceeds  i n  p r a c t i c a l l y  the  
same way w i t h  e i t h e r  the  r e g u l a r i z a t i o n  o r  t h e  optimum-approxi
mation method. I n  t h e  case  of more complex tempera ture  d i s t r i 
b u t i o n s ,  t he  r e g u l a r i z a t i o n  method has  c e r t a i n  advantages .  

C e r t a i n  i n d i r e c t  comparisons can b e  made between i n t e r p r e 
t a t i o n  methods w i t h  r e f e r e n c e  t o  t h e  r e s u l t s  of r e d u c t i o n  o f  t h e  
same exper imenta l  data .  However, such comparisons are rendered  
somewhat d i f f i c u l t  by  t h e  f a c t  t h a t  most au tho r s  do not  g ive
c a r e f u l  e r r o r  ana lyses  f o r  t h e i r  t empera tu re -p ro f i l e  r econs t ruc 
t i o n s .  The r e s u l t s  o f  inverse-problem s o l u t i o n  u s i n g  t h e  two 
methods are g iven  i n  F i g .  5 .41  ( f o r  d e t a i l s ,  see page 301) .  On 
t h e  average ,  bo th  methods g i v e  about t h e  same r e c o n s t r u c t i o n  er
rors. The maximum r e c o n s t r u c t i o n  e r r o r  i s  s l i g h t l y  smaller when 
t h e  r e g u l a r i z a t i o n  method i s  used. 

We may conclude tha t  t h e  above example d i d  not  award t h e  
advantage t o  e i t h e r  approach t o  s o l u t i o n  of t h e  problem. M.S. 
Malkevich C941 a r r i v e s  a t  approximately t h e  same conclus ion  from 
a comparison o f  i n t e r p r e t a t i o n s  of  r ea l  measured d a t a  by t h e  
optimum-approximation method and a method proposed by  H i l l e a r y  ,
D. Wark, and D. James C 2 . 4 4 1 .  

Comparison o f  t h e  r e s u l t s  ob ta ined  by t h e  n o n l i n e a r  method 
i n  i n t e r p r e t i n g  r e a l  r a d i a t i o n  data [ll] i n  the case  o f  a s imple
exponen t i a l  k e r n e l  w i t h  r e s u l t s  ob ta ined  by o t h e r  methods does 
not  come o u t  i n  f a v o r  of t h e  non l inea r  method. The p r i n c i p a l  
e r r o r  source  i s  t h e  use of an i n a c c u r a t e  approximation f o r  t h e  
i n t e g r a l - e q u a t i o n  k e r n e l .  Use of a more g e n e r a l  method [9 ]  i m 
proves t h e  r e c o n s t r u c t i o n  r e s u l t s  markedly. A s  we have a l r eady
no ted ,  t h e  r e s u l t s  of  u s ing  d a t a  ob ta ined  b y  t h e  Chahine method 
(see $ 4 )  and t h e  r e g u l a r i z a t i o n  method f o r  r e d u c t i o n  a r e  q u i t e
s imi la r ,  a l though a somewhat smaller maximum r e c o n s t r u c t i o n  e r r o r  
i s  observed i n  t h i s  ca se  when t h e  l a t t e r  method i s  used. 

The i s o l a t e d  examples o f  comparison between v a r i o u s  i n t e r 
p r e t a t i o n  methods t h a t  were given above do n o t ,  o f  c o u r s e ,  permit
c l e a r  i n f e r e n c e s  as t o  t h e  advantages and d isadvantages  o f  the  
approaches cons idered .  More thorough r e s e a r c h  i s  necessary  i n  
t h i s  d i r e c t i o n .  The  s p e c i f i c  scheme used f o r  r o u t i n e  data process
i n g  w i l l  depend t o  a major degree  on s o l u t i o n  of t h i s  problem.
Even now, however, w e  can i n d i c a t e  a number of f e a t u r e s  t ha t  
should  be  i n h e r e n t  to t h i s  system. 

1. The s o l u t i o n  methods used i n  t h e  r o u t i n e  system must 
c a r r y  i n s i g n i f i c a n t  e r r o r s  i n  t h e  a lgo r i thm i t s e l f .  



I 

2. The  numerical  i n t e r p r e t a t i o n  methods must be s tab le  t o  
t h e  v a r i o u s  e r r o r s  of  measurement and assignment of t he  equa t ion
kerne 1. 

3 .  The i n t e r p r e t a t i o n  method must work e f f e c t i v e l y  f o r  b o t h  
cloudy and c l o u d l e s s  atmospheres.  N a t u r a l l y ,  a d d i t i o n a l  informa
t i o n  may be r e q u i r e d  here.  

4. The s y s t e m  must pe rmi t  adequate  f l e x i b i l i t y  i n  t h e  use  o f  
v a r i o u s  k inds  o f  supplementary in fo rma t ion  on the  unknown p r o f i l e .
It must be  remembered t h a t  the  the rma l  sounding method i t s e l f  w i l l  
y i e l d  an enormous q u a n t i t y  of i n fo rma t ion  on t h e  thermal  s i t u a 
t i o n  of  t he  atmosphere and t h a t  t h i s  in fo rma t ion  can be  used i n  
subsequent work. 

5.  The scheme must c o n t a i n  a b lock  i n  which the equa t ion
k e r n e l s  are c o r r e c t e d  to permi t  use of successive-approximation
methods. E f f e c t i v e  performance of t h i s  b lock  r e q u i r e s  indepen
dent  de t e rmina t ions  of t h e  atmospheric  d i s t r i b u t i o n  o f  water vapor
( o r  o t h e r  absorb ing  g a s e s ) .  

F u r t h e r  expanded r e s e a r c h  i s  necessary  i n  r e g a r d  t o  many of  
t h e  p o i n t s  enumerated above. 
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Chapter 6 1353 \ 

E 

RECONSTRUCTION O F  ATMOSPHERIC HUMIDITY DISTRIBUTION 


The p r e s e n t  c h a p t e r  i s  devoted t o  a b r i e f  d i s c u s s i o n  of  t h e  
p o s s i b i l i t i e s  f o r  i n d i r e c t  de t e rmina t ion  o f  t h e  humidi ty  d i s 
t r i b u t i o n  i n  the  atmosphere.  We s h a l l  examine on1y .a  s i n g l e
method based on an i n t e r p r e t a t i o n  o f  ou tgoing  the rma l  r a d i a t i o n  
data. 

$1. 	GENERAL CHARACTERISTICS OF THE PROBLEM. PROPERTIES OF WATER 
VAPOR ABSORPTION 

S o l u t i o n  o f  the  problem o f  thermal  sounding of t h e  atmosphere
w i l l  make i t  p o s s i b l e  i n  p r i n c i p l e  t o  s o l v e  o t h e r  i n v e r s e  problems, 
e . g . ,  t hose  of  r e c o n s t r u c t i n g  t h e  d i s t r i b u t i o n s  of absorb ing  con
s t i t u e n t s  i n  t h e  atmosphere.  A t  p r e s e n t ,  t h e  p o s s i b i l i t i e s  f o r  
de t e rmina t ion  of  t h e  atmosphere 's  humidity c h a r a c t e r i s t i c s  have 
been most thoroughly i n v e s t i g a t e d .  T h i s  has been due both  t o  t h e  
fundamental  r o l e  of  water vapor  i n  va r ious  p h y s i c a l  p rocesses  t h a t  
un fo ld  i n  t h e  atmosphere and t o  t h e  need t o  know t h i s  c h a r a c t e r i s 
t i c  f o r  a c c u r a t e  s o l u t i o n  o f  t h e  thermal-sounding problem. The 
p o s s i b i l i t i e s  o f  a c q u i r i n g  such impor tan t  i n fo rma t ion  as t h e  s p a t 
i a l  d i s t r i b u t i o n  c h a r a c t e r i s t i c s  of ozone from outgoing  thermal  
r a d i a t i o n  data have a l s o  been s t u d i e d .  

A s  w e  showed i n  t h e  p reced ing  c h a p t e r ,  combined a b s o r p t i o n
by water vapor and C o n  or 0 2  i s  observed i n  a number of t h e  spec
t r a l  i n t e r v a l s  used i n  s o l u t i o n  of t h e  thermal-sounding problem.
I n  t h i s  c a s e ,  t h e  tempera ture  p r o f i l e  can be r e c o n s t r u c t e d  accu
r a t e l y  only w i t h  independent  de t e rmina t ions  o f  t h e  atmosphere 's  
water-vapor c o n c e n t r a t i o n .  The n o t i o n  t h a t  i t  w a s  necessary  t o  
s o l v e  a se t  o f  i n v e r s e  problems w a s  f i r s t  advanced by L .  Kaplan 
C5.261. He proposed t h a t  t h e  humidity d i s t r i b u t i o n  be found 1354 
a f t e r  de t e rmina t ion  o f  t h e  tempera ture  p r o f i l e  w i thou t  cons ider 
i n g  t h e  e f f e c t  o f  wa te r  vapor  and used i n  t u r n  t o  o b t a i n  a more 
a c c u r a t e  s o l u t i o n  o f  t h e  thermal-sounding problem. T h i s  p rocess  
can be cont inued u n t i l  t h e  r e s u l t s  ob ta ined  i n  s u c c e s s i v e  s t e p s
become p r a c t i c a l l y  e q u i v a l e n t .  

Formally,  i f  w e  know t h e  tempera ture  d i s t r i b u t i o n  i n  t h e  at
mosphere, the  problem of  r e c o n s t r u c t i n g  i t s  composi t ion c h a r a c t e r 
i s t i c s  reduces  t o  s o l u t i o n  of  a Fredholm n o n l i n e a r  i n t e g r a l  equa
t i o n  of t h e  f i rs t  k ind .  F o r  example, we can w r i t e  f o r  t h e  out 
going r a d i a t i o n  a t  l e v e l  p1 
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I n  measurements o f  r a d i a t i o n  
i n  the  water vapor  a b s o r p t i o n
bands w i t h  a known T ( p ) ,  t h e  meas
ured r a d i a t i o n  data w i l l  c a r r y  i n 
formation on t h e  d i s t r i b u t i o n  
q ( p )  i n  t h e  atmosphere.  By so lv 
i n g  t h e  d i r e c t  problem - calcu
l a t i n g  t h e  i n t e n s i t i e s  of  t h e  
ascending  o r  outgoing  r a d i a t i o n  
i n  t h e  H20 bands -, w e  can s tudy
t h e  s e n s i t i v i t y  o f  t h e  r a d i a t i o n  
c h a r a c t e r i s t i c s  due t o  v a r i a t i o n s  
i n  t h e  d i s t r i b u t i o n  q ( p )  and 
hence t h e  p o s s i b i l i t i e s  f o r  so lu 
t i o n  o f  t h e  i n v e r s e  problem.
F igure  6 . 1  p r e s e n t s  a s imple
example of such c a l c u l a t i o n s .  
It g i v e s  s p e c t r a l  curves  of t h e  
outgoing r a d i a t i o n  ( z  = 30 k m )
i n  t h e  a b s o r p t i o n  band a t  A = 
= 6 . 3  pm f o r  v a r i o u s  d i s t r i b u 
t i o n s  of  i n  atmosphere.  

F i g u r e  6 . 1 .  S p e c t r a l  Curves 
of  Outgoing Rad ia t ion  Jv, 
erg/cm*sec-sr*cm-’ ,  i n  A b 
s o r p t i o n  Band a t  h = 6 . 3  p m
f o r  Various Water-Vapor D i s 
t r i b u t i o n s  i n  t h e  Atmosphere.
1) Ordinary summer tempera
t u r e  and humidity p r o f i l e s
9 1 ( p ) ;  2) q 2 ( p )  = 10- lq1 (p ) ;
3)  q 3 ( p )  = l O q l ( P ) *  

/355 


water vapor  t h e  Curve 1 corresponds t o  
t h e  normal summer tempera ture  and humidity p r o f i l e s ,  whi le  curves  
2 and 3 were ob ta ined  a f t e r  changing t h e  s p e c i f i c  humid;ty of  t h e  
atmosphere by one o r d e r  o f  magnitude, i . e . ,  q 2 ( p )  = 10‘ q l ( p )  and 
q 3 ( p )  = l O q l ( p ) .  A s  w e  s e e  from t h e  f i g u r e ,  t h e  v a r i a t i o n s  o f  
t h e  r a d i a t i o n  are q u i t e  s u b s t a n t i a l .  I n  t h i s  method o f  e s t i m a t i n g  
t h e  s e n s i t i v i t y  o f  r a d i a t i o n  t o  h u m i d i t y - c h a r a c t e r i s t i c  v a r i a t i o n s ,  
i t  i s ,  o f  cou r se ,  necessary  t o  take account  o f  t h e  r e a l  range  of  
humidity v a r i a t i o n s  i n  t h e  atmosphere.  For  e x a g l e ,  i t  i s  shown 
i n  [l] t h a t  6 /c (where 6 i s  t h e  v a r i a n c e  and i s  t h e  humidq 9 

q mean 
i t y  p r o f i l e ) ,  which c h a r a c t e r i z e s  t h e  r e l a t i v e  v a r i a b i l i t y  of 
s p e c i f i c  humidi ty ,  may reach 5 0 - 9 0 % .  

The s o l u t i o n  o f  t h i s  i n v e r s e  problem has a number of no te
worthy p r o p e r t i e s .  For convenience i n  a n a l y s i s ,  l e t  us  r e w r i t e  
( 6 . 1 )  i n  t h e  fo l lowing  form ( i n t e g r a t i n g  ( 6 . 1 )  by p a r t s ) :  

I n  approximation,  t h e  v a r i a b i l i t y  of  t h e  r a d i a t i o n  as a func
t i o n  of  v a r i a t i o n s  i n  a tmospher ic  composi t ion can be w r i t t e n  
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where "* y ' 9 ( p ) '  i s  t h e  v a r i a t i o n a l  d e r i v a t i v e  o f  t h e  f u n c t i o n a l' 3 9 ( P )  

P ,  whose e x p l i c i t  form i s  not  impor tan t  i n  ou r  case .  

R e l a t i o n  (6 .3 )  l i n k s  t h e  r a d i a t i o n  v a r i a t i o n s  6J t o  t h o s e  of  
t h e  d i s t r i b u t i o n  of the  absorb ing  subs t ance .  F i r s t  o f  a l l ,  w e  
draw a t t e n t i o n  t o  t he  f a c t  t ha t  f o r  dBv/dp E 0 ,  i . e . ,  under i s o 
thermal-atmosphere c o n d i t i o n s ,  6 J  E 0 f o r  a l l  6 q ( p ) .  Under i s o 
thermal-atmosphere c o n d i t i o n s ,  t h e r e f o r e ,  t h e  r a d i a n t  i n t e n s i t y
does not  depend on t h e  d i s t r i b u t i o n  of  the  absorb ing  subs tance .  
T h i s  means, of cour se ,  t h a t  w e  cannot speak o f  t h e  p o s s i b i l i t y  of  
de te rmining  q ( p )  under such d i s t r i b u t i o n  c o n d i t i o n s  e i t h e r .  It i s  
c l e a r  from t h i s  t h a t  de t e rmina t ion  o f  the  d i s t r i b u t i o n s  o f  absorb
i n g  c o n s t i t u e n t s  i n  t h e  atmosphere from t h e r m a l - r a d i a t i o n  s p e c t r a
w i l l  depend t o  a major degree on t h e  the rma l  s t a t e  o f  t h e  gaseous
medium. It i s  unders tandable  from t h e  p h y s i c a l  viewpoint  t h a t  
s t r o n g  the rma l  inhomogeneity of  t he  atmosphere w i l l  h e l p  s o l v e  
t h i s  i n v e r s e  problem. On t h e  o t h e r  hand, i t  i s  e v i d e n t  from (6 .3 )  
t h a t  t h e  r a d i a t i o n  v a r i a t i o n s  a r e  r e l a t e d  t o  t h o s e  o f  mois ture  
con ten t  d i s t r i b u t i o n  by a r a t h e r  complex r e l a t i o n s h i p  and - a 
p a r t i c u l a r l y  impor tan t  p o i n t  - t h e  f u n c t i o n  6 q ( p )  i s  smoothed 
tw ice .  Recons t ruc t ion  of t h e  a tmospher ic  humidity d i s t r i b u t i o n  
on t h e  basis of (6 .3 )  encounters  major d i f f i c u l t i e s  because of 
t h e  complexity of  the  r e l a t i o n s h i p  i t s e l f  and t h e  cumbersome ex
p l i c i t  exp res s ions  f o r  t h e  v a r i a t i o n a l  d e r i v a t i v e s  6P/6q even i n  
r e l a t i v e l y  s imple  c a s e s .  It i s  t h e r e f o r e  necessa ry  t o  s i m p l i f y
t h e  problem s u b s t a n t i a l l y .  All e x i s t i n g  methods f o r  de te rmining  
t h e  humidity d i s t r i b u t i o n  from ou tgo ing- rad ia t ion  s p e c t r a  a re  
based on approximate s u b s t i t u t i o n  of t h e  r e a l  inhomogeneous a t 
mosphere's t r a n s m i s s i o n  f u n c t i o n s  by t h o s e  o f  a homogeneous a t 
mosphere. The reduced-mass method (see Chapter 1, $4) i s  nor
mally used here.  I n  t h i s  fo rmula t ion ,  t h e  unknown f u n c t i o n  i s  
t h e  d i s t r i b u t i o n  o f  t h e  reduced mass o f  t h e  abso rb ing  c o n s t i t u e n t  
i n  t he  atmosphere.  

N a t u r a l l y ,  t h e  r a d i a t i o n  c h a r a c t e r i s t i c s  w i l l  be found most 
s e n s i t i v e  t o  water-vapor v a r i a t i o n s  i n  t he  atmosphere i n  t h e  H20 
a b s o r p t i o n  bands.  Water vapor  has a great many a b s o r p t i o n  bands 
s c a t t e r e d  over  t h e  e n t i r e  i n f r a r e d  r e g i o n  o f  t he  spectrum. HOW-
e v e r ,  from the  s t andpo in t  o f  ou r  problem, the  a b s o r p t i o n  bands a t  
X = 6 .3  pm and t h e  r o t a t i o n a l  band t h a t  ex tends  from X z 1 0  u m  t o  
r a d i o  wavelengths w i l l  a t t r a c t  s p e c i a l  a t t e n t i o n .  The s t r o n g  V i 
b r a t i o n a l - r o t a t i o n a l  band corresponding t o  t h e  fundamental  V 2  V i 
b r a t i o n  l i e s  i n  t h e  r e g i o n  of A = 6.3 u m .  T h i s  band has been 
s t u d i e d  expe r imen ta l ly  i n  [2 ,  3 ,  6 ,  71. T h e o r e t i c a l  t r a n s m i s s i o n  
c a l c u l a t i o n s  and e m p i r i c a l  methods f o r  c a l c u l a t i n g  t r a n s m i s s i o n  
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Figure 6 . 2 .  Comparison or' Experimental Data (Sol id  Curves) According t o  Trans
mission Functions o f  6.3-pm Band with Calculat ion by Quasirandom Model (Dashed
Curves) and Calculat ion by Empirical  Method (Dot-Dash Curves). Top: u = 0 . 0 0 2  
g/cm2, P = 0 . 2 6  atm; bottom: u = 0.077 g/cm2, p = 1 - 0 6  atm. 



are g iven  i n  [4, 53. F igu re  6.2 compares expe r imen ta l  data w i t h  
t h e  t h e o r e t i c a l  c a l c u l a t i o n s  of S t u l l ,  Wyatt ,  and P l a s s  based on 
t h e i r  quasirandom model and w i t h  c a l c u l a t i o n s  by the  e m p i r i c a l
method proposed by B.M. Go lub i t sk iy  and 1.1. Moskalenko. T h i s  
f i g u r e ,  which w e  have borrowed from S . D .  Andregev and A.G. Pok
r o v s k i y ' s  paper  C1.831, i n d i c a t e s  t ha t  c a l c u l a t i o n s  based on 
t h e  quasirandom model r e f l e c t  t h e  s t r u c t u r e  o f  t he  rea l  spectrum
s a t i s f a c t o r i l y .  However, t h e  t h e o r e t i c a l  data t e n d  t o  exagge ra t e
(by 5-15%) t h e  t r a n s m i s s i o n  i n  t h e  c e n c r a l  p a r t s  of t h e  bands.  
C a l c u l a t i o n s  by the e m p i r i c a l  method d e s c r i b e  t h e  exper imenta l  
s p e c t r a  w i t h  t r a n s m i s s i o n  e r r o r s  no g r e a t e r  t h a n  5-7%. The t r a n s 
miss ion- func t ion  data o b t a i n e d  by F. Mzller and E .  Raschke E181 
have been used i n  a number of s t u d i e s  o f  h u m i d i t y - d i s t r i b u t i o n
r e c o n s t r u c t i o n .  I n  t h i s  pape r ,  i t  i s  proposed t h a t  t h e  t ransmis- 1357 
s i o n  f u n c t i o n  be  approximated as fo l lows  : 

where Lv i s  t h e  genei -a l lzed  a b s o r p t i o n . c o e f f i c i e n t  and i s  t h e  
amount of abso rb ing  subs t ance .  

Reference L1.281 g i v e s  a l l  data on t h e  f i n e  s t r u c t u r e  of t h e  
6.3-pm band tha t  a r e  needed f o r  d i r e c t  c a l c u l a t i o n s  o f  t h e  t r a n s 
miss ion  f u n c t i o n s :  s p e c t r a l - l i n e  p o s i t i o n s ,  i n t e n s i t i e s ,  and half-
w i d t h s .  D i r e c t  c a l c u l a t i o n s  are  g iven  i n  c l . 6 0 1  and compared w i t h  
c a l c u l a t i o n s  based on the  random model. 

A s  w e  have a l r e a d y  no ted ,  t h e  r o t a t i o n a l  band of  water vapor
occupies  a broad range  of wavelengths from X I 1 0  um t o  t h e  r a d i o  
range .  There are p o s s i b i l i t i e s  f o r  s o l u t i o n  o f  t h i s  problem by 
use o f  e i t h e r  the i n t e r v a l  from X = 17 t o  50 pm o r  i n d i v i d u a l  
water-vapor l i n e s  i n  t h e  microwave r e g i o n .  References C8-91 i n 
v e s t i g a t e d  t h e  t r a n s m i s s i o n  f u n c t i o n s  i n  t h e  i n f r a r e d  p a r t  o f  the 
r o t a t i o n a l  band. On t h e  basis  of these s t u d i e s ,  B.M. Go lub i t sk iy
and N . I .  Moskalenko proposed an e m p i r i c a l  method f o r  computing 
t r anspa rency ;  McClatchey C1.991 p r e s e n t e d  t h e  same data i n  a con
ven ien t  form. Benedict  and Kaplan ob ta ined  data on t h e  f i n e -
s t r u c t u r e  parameters  ( c e r t a i n  in fo rma t ion  concerning t h e i r  accu
r a c y  was g iven  i n  Chapter 1). Transmission f u n c t i o n s  f o r  the  f a r  
i n f r a r e d  were computed d i r e c t l y  i n  [ l g ,  l o ] .  F igu re  6.3 shows an  
example i n  which the  c a l c u l a t i o n s  of [19]  are compared w i t h  P a l 
mer's exper imenta l  r e s u l t s  as w e l l  as t h o s e  of S t a u f f e r  and 
Walsh [8,  9 1 .  Using the  Van Vleck-Weisskopf e x p r e s s i o n  f o r  t h e  
a b s o r p t i o n - l i n e  shape ,  i t  was p o s s i b l e  to ob ta in lgood  agreement
between theo ry  and experiment i n  t h e  250-500-cm r e g i o n  (40-20
u m ) .  The d isagreements  a r e  apprec iab le lwhen t h e  Van Vleck-Weiss
kopf formula i s  used i n  t h e  500-700-cm- r e g i o n .  K .  Y a .  Kondratc 
yev and Yu.M. Timofeyev c a l c u l a t e d  t h e  t r a n s m i s s i o n  f u n c t i o n s  
d i r e c t l y  f o r  narrow s p e c t r a l  I n t e r v a l s  i n  t h e  water-vapor r o t a 
t i o n a l  band f o r  homogeneous and inhomogeneous p ropaga t ion  
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Figure  6 .3 .  Comparison of Experimental  Transmis
s i o n  Funct ions  (1) w i t h  Funct ions  Ca lcu la t ed  by 
the  D i r e c t  Method ( 2 )  f o r  t h e  R o t a t i o n a l  Band of 
Water Vapor. a )  T = 285OK, u = 0.0147 g/mg, p = 
= 0.263 a t m ;  b )  T = 3 0 6 ~ ~ ~u = 0.149 g/mg; p = 
= 0.263 a t m .  

c o n d i t i o n s .  They also s t u d i e d  t h e  e r r o r s  of t h e  va r ious  approxi 
mate methods f o r  t a k i n g  atmospheric  inhomogeneity i n t o  account  
( f o r  d e t a i l s ,  see Chapter  l), f o r  example, t h e  reduced-mass method; 
t h i s  i s  e s p e c i a l l y  impor tan t  i n  view of t h e  e x t e n s i v e  use of t h i s  
method i n  s o l v i n g  problems of atmospheric-humidity r e c o n s t r u c t i o n .  

The a b s o r p t i o n  c o e f f i c i e n t s  of water vapor  i n  t h e  microwave 
r eg ion  have been i n v e s t i g a t e d  t h e o r e t i c a l l y  and exper imenta l ly  i n  
many papers .  Ex tens ive  c a l c u l a t i o n s  and an  a n a l y s i s  of t h e  p re s 
e n t  s t a t e  of t h e  problem w i l l  be  found i n  a s e r i e s  of pape r s  by /360
S.A. Zhevakin and A.P. Naumov r1.48-1.501. C a l c u l a t i n g  t h e  absorp
t i o n  c o e f f i c i e n t  of water vapor i n  a broad range of  wavelengths
from 1 0  pm t o  32 cm, they  used a l ine-shape  expres s ion  d e r i v e d  
from t h e  k i n e t i c  equa t ion .  T h i s  enabled  them t o  b r i n g  t h e  re
s u l t s  of t h e o r e t i c a l  a b s o r p t i o n - c o e f f i c i e n t  c a l c u l a t i o n s  c l o s e r  
to t h e  exper imenta l  data. (The excess  of t he  exper imenta l  va lues  
over  t heo ry  w a s  reduced i n  t h e  c e n t i m e t e r ,  m i l l i m e t e r ,  and nea r  
submi l l ime te r  t r anspa rency  windows by f a c t o r s  r ang ing  from 3-4 t o  
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1.5-2 . )  Cons ide ra t ion  of  water vapor  dimer a b s o r p t i o n  makes i t  
p o s s i b l e  t o  o b t a i n  even b e t t e r  agreement between t h e o r y  and ex
periment  f o r  A > 0 . 7  mm. 
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It has been sugges ted  t h a t  /361 
t h e  s p e c t r a l  l i n e  a t  A = 1.35  cm 

4/ CL 	 be used t o  de te rmine  t h e  atmos
p h e r i c  humidi ty  d i s t r i b u t i o n .  
F igu re  6 . 4  shows t h e  d i s t r i b u t i o n  
of r a d i o  b r i g h t n e s s  t empera tu re
i n  the  r e g i o n  of t h e  1.35-em l i n e  
[ l l l  acco rd ing  t o  s a t e l l i t e  ob
s e r v a t i o n a l  data.  A s  w e  see from 
t h e  f i g u r e ,  t h e  i n f l u e n c e  of t he  
water-vapor a b s o r p t i o n  l i n e  on the  
amount of outgoing r a d i a t i o n  i s  
q u i t e  s t r o n g  over  t h e  oceans;  i t  
may t h e r e f o r e  be  hoped t h a t  de

1 1  1 - 1  J t e r m i n a t i o n  of q ( p )  from s a t e l l i t e  
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Figure  6.5.  Weighting Func- Figure  6.6 .  Weighting Func

t i o n s  dP/d I n  p f o r  a Ser- t i o n s  B z  " f o r  a Series 
i e s  o f  S p e c t r a l  I n t e r v a l s  

i n  t h e  Water Vapor Band a t  o f  S p e c t r a l  I n t e r v a l s  i n  

X = 6.3 pm. 1) v = 1680- t he  Water Vapor Band a t  = 

170y cm"; 2 )  v = 1780-1800 = 6 .3  p m .  For legend,  s e e  

cm- ; 3 )  v = 1800-1820 cm-l; F ig .  6 . 5 .  

4 )  cm"; 5 )v - 1880-1900 
v = 1960-1980 cm-l. 

I n  some fo rmula t ions  of t h e  problem,
they may be d e r i v a t i v e s  of  the  t r a n s 
miss ion  f u n c t i o n s  w i t h  r e s p e c t  t o  
t h e  reduced mass of  the  abso rb ing
subs tance .  F igu re  6.5 p r e s e n t s  t y p i 
c a l  curves  c h a r a c t e r i z i n g  t h e s e  
weight ing  f u n c t i o n s  f o r  t h e  band a t  
X = 6.3 pm. I n  view o f  t h e  proper 
t i e s  of t h i s  r e g i o n  of t h e  spectrum,
it  is a l s o  h e l p f u l  to use t h e  func

dpt i o n s  Bdlnp, shown i n  F i g .  6 . 6  t o  
c h a r a c t e r i z e  t h e  c o n t r i b u t i o n s  of 
l a y e r s  t o  t h e  outgoing  r a d i a t i o n .  

dPWe see tha t  t h e  f u n c t i o n s  Bdlnp
l i e  f o r  the  most p a r t  i n  t he  t ropo
sphe re  f o r  t h e s e  s p e c t r a l  i n t e r 
v a l s ,  and tha t  they  are somewhat 
narrower t h a n  t h e  weight ing  func
t i o n s  dP/d I n  p. 

Because of  t he  s h a r p  d e c r e a s e  
i n  the  amount o f  water vapor  i n  the  
atmosphere w i t h  i n c r e a s i n g  h e i g h t ,  

tog P 
-2 

-1 

0 

1 

2 

3 

0 1 

dP/d l og  p 

Figure  6.7 .  Weighting
Funct ions dP/d l o g  p f o r  
S p e c t r a l  I n t e r v a l s  of  
Varying Width Around t h e  
Center  o f  t h e  Water Vapor
Line a t  202.67 cm. 1) 
v = 190-215 cm-'. 
= .202.67+1.0 cm- i' ; 

2)
3 )  

v 
v 

= 
= 

= 202.67k0.5 cm-'; 4 )  v = 
= 202.67+0.1 cm"i 5 )  v = 
= 202.67+0.05 cm- ; 6 )  v =  
= 202.67+0.01 cm-'. 
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t he  p o s s i b i l i t i e s  f o r  sounding t h e  upper l a y e r s  of t h e  atmosphere : i 
by t h i s  method are r a the r  s e v e r e l y  l i m i t e d .  The sounding c e i l i n g  ' 

can be ra ised cons ide rab ly  by t h e  use  of  narrow s p e c t r a l  i n t e r v a l s  
i n  t h e  v i c i n i t y  of s t r o n g  s p e c t r a l  l i n e s .  F igu re  6 .7 ,  which shows 
t h e  weight ing  f u n c t i o n s  dP/d l o g  p f o r  s p e c t r a l  i n t e r v a l s  o f  vary- /364
i n g  w i d t h  around the  c e n t e r  o f  t h e  l i n e  a t  v o  = 202.67 cm-l, may
be  c i t e d  as an  i l l u s t r a t i o n  o f  t h i s .  However, measurements o f  t h e  
the rma l  r a d i a t i o n  i n  such narrow i n t e r v a l s  are  p r e s e n t l y  p r a c t i c 
a l l y  imposs ib l e  because of the small energy v a l u e s .  

$2. METHODS O F  SOLVING THE PROBLEM OF ATMOSPHERIC-HUMIDITY-DIS-
TRIBUTION RECONSTRUCTION. EXAMPLES O F  NUMERICAL EXPERIMENTS 

J .  King examined t h e  p o s s i b i l i t i e s  f o r  e x t r a c t i n g  v a r i o u s  
k inds  o f  me teo ro log ica l  i n fo rma t ion  from measured data on t h e  
thermal  r a d i a t i o n  o f  t he  ear th-atmosphere system i n  C141. Wi th  
c e r t a i n  s i m p l i f i c a t i o n s ,  f o r  example, he cons ide red  the  problem
o f  r e c o n s t r u c t i n g  t h e  d i s t r i b u t i o n  o f  an abso rb ing  subs t ance .  H e  
developed methods f o r  t h e  c a s e  of  i n t e r p r e t a t i o n  of monochromatic 
r a d i a t i o n  v a l u e s  t h a t  make i t  p o s s i b l e  t o  de te rmine  the  r e l a t i v e  
d i s t r i b u t i o n s  of v a r i o u s  absorb ing  g a s e s .  Assuming t h a t  t h e  a t 
mospheric d i s t r i b u t i o n  of  one o f  t h e s e  g a s e s  i s  known, , t h e  -dis
t r i b u t i o n  of a n o t h e r  can be determined.  I n  one v a r i a n t  of t h i s  
approach,  t h e  f u n c t i o n  o f  a sou rce  (or black-body r a d i a t i o n )  i s  
r e c o n s t r u c t e d  as i t  depends on tQe reduced mass of t h e  absorb ing
subs tance .  Having determined B(u) on th? basis  of measurements i n  
t he  water vapor  a b s o r p t i o n  bands (where u i s  the  reduced mass of  
H20) and having i n f o r m a t i o n  on the  atmosphere 's  thermal  s t r u c t u r e  
B(p) ,  t h e s e  data can be  used t o  f i n d  t h e  f u n c t i o n  u ( p ) .  T h i s  ap
proach was used,  f o r  example, by Yamamoto and Tanaka [15] i n  an  
a n a l y s i s  of t h e  p o s s i b i l i t i e s  f o r  e x t r a c t i o n  of a tmospher ic  humid
i t y  c h a r a c t e r i s t i c s  from outgoing  r a d i a t i o n  measurements made i n  
t h e  water vapor  r o t a t i o n a l  band. I n v e s t i g a t i o n s  of t h i s  method 
showed t h a t  rough estimates of t h e  water-vapor d i s t r i b u t i o n  i n  the  
atmosphere can  be o b t a i n e d  i f  r a d i a t i o n  measurements i n  t h e  6.3
pm band are used. However, i t  i s  d i f f i c u l t  t o  a c q u i r e  s o l u t i o n s  
wi thout  u s ing  some s o r t  o f  s t a t i s t i c a l  or e m p i r i c a l  i n fo rma t ion  on 
the  unknown p r o f i l e .  

M.S. Malkevich and V . I .  T a t a r s k i y  C5.12; 161 developed a 
method f o r  s o l v i n g  t h i s  problem tha t  i s  based on use  of s t a t i s t i 
c a l  i n fo rma t ion  on the  unknown spec i f i c -humid i ty  p r o f i l e .  These 
papers  gave p a r t i c u l a r  a t t e n t i o n  t o  t h e  mathematical  a s p e c t s  o f  
s o l u t i o n  of  t h e  problem. The t r a n s m i s s i o n  f u n c t i o n s  used were 
expres s ions  t ha t  can be  d e r i v e d  f o r  t h e  t r a n s m i s s i o n  f u n c t i o n s  of  
the  cor responding  r e g u l a r  absorpt ion-band model. I n  t h i s  c a s e ,  we 
can w r i t e  

( 6 . 5 )  
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where x = p/po, w o  = poqo/g i s  the  mass of  water vapor i n  t he  a i r  /365
column, reduced to normal p r e s s u r e  P O ,  I,is t he  g e n e r a l i z e d  ab

s o r p t i o n  c o e f f i c i e n t ,  @ ( y )  i s  the  p r o b a b i l i t y  i n t e g r a l ,  C(x)  = 

=!fy( f )d t  i s  the  reduced  m a s s  of water vapor .  

The s p e c i f i c  humidi ty  q ( x )  can P, mb= 
be  r e p r e s e n t e d  as the  sum of i t s  aver
age va lue  q ( x )  f o r  t he  p a r t i c u l a r
r e g i o n  and t i m e  and the  a c c i d e n t a l  
d e v i a t i o n  q t ( x )  from t h e  mean pro
f i l e :  

4(4=a4+q’ (4. ( 6 . 6 )  

A system of or thogona l  f u n c t i o n s  
(or v e c t o r s )  $k t ha t  ensu re  optimum 
p a r a m e t r i z a t i o n  of any r e a l i z a t i o n  
of q v ( x )  can be  c o n s t r u c t e d  on the  
basis  of  e x i s t i n g  s t a t i s t i c a l  data 
on humidity c h a r a c t e r i s t i c s  i n  the 
atmosphere.  F i g u r e  6 .8  shows exam
p l e s  of  t h e  f i rs t  th ree  o r thogona l  -qs 0 0.5 I,OCpg 
v e c t o r s  (summer, Bismarck s t a t i o n ) .
Assuming t h a t  t h e  t empera tu re  d i s - F igu re  6.8.  E igenvec tors  
t r i b u t i o n  T(x)  and the-atmosphere’s qk(p)  Ca lcu la t ed  from 
mean humidity p r o f i l e  q ( x )  are known 
and t h a t  q ( x )  >> q ’ ( x ) ,  w e  can o b t a i n  C o r r e l a t i o n  Matr ix  B 

q
t h e  equa t ion  (pk,  p,) f o r  Bismarck 

- -
where f, = J, - J,; J, i s  the  outgoing r a d i a n t  i n t e n s i t y  co r re 

2 X 

sponding to the  mean p r o f i l e  ;(X); z ( x ) = j f y ( f ) d f D  and u’ (x) fq’(i)dt. 

To s o l v e  ( 6 . 7 ) ,  which i s  l i n e a r  i n  q t ( x ) ,  t h e  unknown func- /366 
t i o n  i s  p r e s e n t e d  i n  t h e  form 

S u b s t i t u t i n g  (6 .8 )  i n t o  ( 6 . 7 ) ,  w e  o b t a i n  a system of aige
b r a i c  equa t ions  for de te rmina t ion  of t h e  c o e f f i c i e n t s  qk: 
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where 

2 P. mbar 

- 700 
! 

Figure  6.9. Recons t ruc t ion  of  
Humidity P r o f i l e  [16]. 1) True 
p r o f i l e ;  2) optimum approxima
t i o n  o f  p r o f i l e  (n  = 3 ) ;  3 )
from system ( 6 . 1 0 ) ;  4 )  second 
approximation of q ’  ( p ) .  

TABLE 6 . 1 .  COEFFICIENT k
I N  THE ATMOSPHERE 9 

(6.10) 


The numer i ca l  experiment
i n  s o l u t i o n  o f  t h i s  i n v e r s e  
problem was performed by the  
c l o s e d  scheme. S e v e r a l  spec
t r a l  i n t e r v a l s  of width A V  = 
= 25 cm-’ i n  the  frequency
i n t e r v a l  from V I  - 1 2 4 1  cm” 
t o  ~2 = 1512.5 cm” (6.3-vm
band) were used. F i g u r e  6.9 
p r e s e n t s  t h e  r e s u l t s  of a num
e r i c a l  experiment  t o  recon
s t r u c t  humidi ty  f o r  n = 3 and 
N = 3. A s  we see from t h e  
f i g u r e ,  t he  d i s c r e p a n c i e s  be
tween t h e  t r u e  and c a l c u l a t e d  
humidity p r o f i l e s  are l a r g e  
n e a r  t h e  ear th’s  s u r f a c e .  
T h i s  i s  e v i d e n t l y  because t h e  
v a l u e s  of  q 1  are  comparable 
w i t h  t h e  mean p r o f i l e  n e a r  t h e  
s u r f a c e  of t h e  e a r t h  and con
s i d e r a t i o n  of on ly  t h e  l i n e a r  
terms i n  ( 6 . 7 )  produces appre
c i a b l e  e r r o r s .  

A S  A FUNCTION OF LEVEL 

pmbar. . . . . . . . . . . . IO00 &XI 7u) 500 400 300 
R q \ n - N = 3 )  . . . . . . . 6,2 7,6 5.0 0,61 0.4 0.1 
k 4 ( n = 3 ,  N = 8 )  . . . . . . 5.4 2.5 1’8 0.3 0 , l  -

By way of improving the  s o l u t i o n  of t h e  problem, i t  i s  pro
posed t h a t  the  g e n e r a l  Newtonian method, g e n e r a l i z e d  by L.V.  Kan
t o r o v i c h  f o r  n o n l i n e a r  o p e r a t o r s ,  be used i n  s o l v i n g  t h e  n o n l i n e a r  
equa t ion .  Ca lcu la t ed  r e s u l t s  (see F ig .  6 .9)  i n d i c a t e  t h a t  t h i s  
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b r i n g s  t he  r e c o n s t r u c t e d  q '  p r o f i l e  c l o s e  t o  t h e  t r u e  p r o f i l e .
The root-mean-square e r r o r  of  t h e  s o l u t i o n  does not  exceed 1 0 %  
provided t h a t  a b s o l u t e l y  a c c u r a t e  r a d i a t i o n  va lues  were used i n  
s o l v i n g  the i n v e r s e  problem. The i n f l u e n c e  of radiat ion-meas
urement e r r o r s  i s  c h a r a c t e r i z e d  by i n t r o d u c t i o n  of t h e  e r r o r  
a m p l i f i c a t i o n  f a c t o r  

(6 .11)  

where a t  i s  t h e  v a r i a n c e  of t h e  radiation-measurement e r r o r  and 1367 
u
9.

i s  tha t  of t h e  e r r o r  i n  r e c o n s t r u c t i n g  q ' ( p ) .  T a b l e  6 . 1  l i s t s  
v a l u e s  of k

9 
c a l c u l a t e d  f o r  t h e  numerical  experiments  examined 

above . 
As w e  should  e x p e c t ,  t he  va lues  of t he  e r r o r  a m p l i f i c a t i o n

f a c t o r  are l a r g e s t  n e a r  t h e  e a r t h ' s  s u r f a c e .  The  va lues  of  kq (p )  
can be  reduced by s o l v i n g  t h e  problem w i t h  a number of r a d i a t i o n  
measurements larger  t h a n  t h e  number of basis  v e c t o r s  n. I n  t h i s  
ca se ,  k

9 
i s  reduced by a f a c t o r  of about ( t h i r d  Tine of T a b l e  

6.1,  n = 3, N = 8 ) .  

Conrath [ l 7 ]  proposed a n o t h e r  method f o r  r e c o n s t r u c t i n g  a t 
mospheric humidi ty .  T r e a t i n g  t h e  t r a n s m i s s i o n  f u n c t i o n  of the 
real  inhomogeneous atmosphere as t h e  atmospheric  d i s t r i b u t i o n  1368 
f u n c t i o n  of t h e  reduced mass of H20, we can w r i t e  i n  approxima
t i o n  

(6 .12)  

S u b s t i t u t i n g  t h e  Tay lo r - se r i e s  expansion ( 6 . 1 2 )  I n t o  ( 6 . 2 1 ,  
w e  o b t a i n .  t h e  i n t e g r a l  equa t ion  

, f ( v ) = f K ( v .  n)8z(.c)dx, (6 .13)  

where 
(6 .14)  

(6.15) 


Here G O ( X )  i s  the  i n i t i a l  approximation o f  t he  unknown reduced-
mass p r o f i l e  and & i s  t h e  corresponding space  v a r i a b l e ,  e . g . ,  E 
or log p .  
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P h y s i c a l l y ,  t h e  k e r n e l  of Eq. (6.13) can b e  i n t e r p r e t e d ‘ a s  a 
measure of  t he  s e n s i t i v i t y  of ou tgoing  r a d i a t i o n  a t  f requency v t o  ’ 
small v a r i a t i o n s  i n  t he  t o t a l  reduced-mass water-vapor con ten t  
above l e v e l  x. I n  s o l v i n g  t h e  i n v e r s e  problem by t h i s  method, 
Conrath proposes  use  o f  M. Chahine’s i t e r a t i o n  method, i n  which 
s o l u t i o n s  o f  (6 .13)  are used to improve the  k e r n e l  (6 .14)  and sub
sequen t ly  t o  determine t h e  unknown f u n c t i o n  more a c c u r a t e l y .  The  
proposed method p e r m i t s  de t e rmina t ion  o f  t he  d i s t r i b u t i o n  u ( x ) ,
and such humidi t s  c h a r a c t e r i s t i c s  as t h e  mixture  r a t i o  can be  ob
t a i n e d  by d i f f e r e n t i a t i n g  

p mbar 

0 	 92 0,4 0,s 0.8 1,O 42 
Weighting function 

F i g u r e  6.10. Weighting
Funct ions of Eq. (6 .13 )
f o r  S p e c t r a l  I n t e r v a l s  
Centered on v o f  1 5 2 0 ,  
1360, and 1 2 0 0  em’’ (Hu
mid-Atmosphere Model 
f o r  Middle L a t i t u d e s  ) . 

t he  f i n a l  s o l u t i o n .  

Numerical experiments  i n d i c a t i n g
t h e  p o s s i b i l i t i e s  of t h e  proposed
method were performed i n  C171. Ex
p r e s s i o n  ( 6 . 4 )  was used f o r  t h e  t r a n s 
miss ion  f u n c t i o n s ,  and va lues  of  t h e  
g e n e r a l i  zed abs orpt ion c o e f f i c i e n t s  
were t aken  from [181. The reduced 
mass was determined by t h e  expres s ion  

The  band from 1520 t o  1 2 0 0  cm” 
was used i n  s o l v i n g  t h e  problem. By 
way o f  example, F i g .  6 . 1 0  shows equa
t i o n  k e r n e l s  f o r  i n t e r v a l s  cen te red  /369 
on v of 1520 ,  1360, and 1 2 0 0  em-’ ( t h e
m i d d l e - l a t i t u d e  humid-atmosphere
model was used i n  t h e  c a l c u l a t i o n s ) .
I n  a s p e c i f i c  s o l u t i o n  o f  the problem,
Conrath seeks  t h e  s o l u t i o n  i n  t h e  
form of t h e  fo l lowing  s imple  expres
s i o n :  

w =w, (+I8 * ( 6 . 1 6 )  

where w 
S 

and ps a r e  t h e  mixture  r a t i o  
and p r e s s u r e  a t  t h e  s u r f a c e  o f  t he  
e a r t h .  

Thus, t h e  problem reduces  t o  de t e rmina t ion  of t h e  two param
e t e r s  ws and k- from t h e  r a d i a t i o n  d a t a .  A s i m i l a r  r e p r e s e n t a t i o n  
of  the  unknown f u n c t i o n  w a s  used by S m i t h  C5.69, 5.701. Two spec
t r a l  i n t e r v a l s  cen te red  a t  v = 1520 em-’ and v = 1 2 0 0  em-’ were 
used i n  t h e  numerical  experiments  whose r e s u l t s  appear  i n  F i g s .
6 . 1 1  and 6 . 1 2 .  F i g u r e  6 . 1 1  shows an example of humidity recon
s t r u c t i o n  f o r  a t r o p i c a l  model o f  t h e  atmosphere,  whi le  F i g .  6 . 1 2  
p e r t a i n s  t o  a p o l a r  model ( w i n t e r ) .  The s o l u t i o n s  were ob ta ined  
a f t e r  two o r  th ree  i t e r a t i o n s  even when t h e  z e r o t h  approximation 
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F i g u r e  6.11. Recons t ruc t ioc  o f  
Humidity f o r  T r o p i c a l  Atmos
p h e r i c  Model. 1) True p r o f i l e ;
2) r e c o n s t r u c t e d  p r o f i l e .  

of the  s o l u t i o n  w a s  q u i t e  f a r  
from t h e  t r u t h .  T h i s  i n d i c a t e s  
t h a t  t h e  method converges w e l l .  
However, from these f i g u r e s ,  

pmbar 

F i g u r e  6 .12 .  Recons t ruc t ion  o f  
Humidity f o r  P o l a r  Atmosphere
(Winter ) .  1) True p r o f i l e ;  2 )
r e c o n s t r u c t e d  p r o f i l e ;  3) mix
t u r e - r a t i o  d i s t r i b u t i o n  c o r r e 
sponding to s a t u r a t e d  water 
vapor .  

w e  see and e s p e c i a l l y  rrom F i g .  6 .12,
t ha t  t he  approximation o f  humidity w i t h  Express ion  (6 .16)  does 
not  y i e l d  a s u f f i c i e n t l y  a c c u r a t e  s o l u t i o n  i n  a number of cases .  
As Conrath obse rves ,  t h e  s t r o n g  v a r i a b i l i t y  o f  t he  mixture  r a t i o  
i s  a n  o b s t a c l e  t o  i t s  use  as t h e  unknown f u n c t i o n  ( i t  v a r i e s  
through s e v e r a l  o r d e r s  of magnitude i n  t h e  a l t i t u d e  range from 
the  ground s u r f a c e  to t h e  t ropopause ) .  I n  a d d i t i o n ,  t h e  form of 
Funct ion  ( 6 . 1 6 )  depends on the  tempera ture  d i s t r i b u t i o n ,  and t h i s  
,leads t o  a d d i t i o n a l  d i f f i c u l t i e s  i n  r e c o n s t r u c t i o n  (see F i g .
6 . 1 2 ) .  It i s  t h e r e f o r e  proposed t h a t  t h e  d i s t r i b u t i o n  of  re la
t i v e  humidity i n  the atmosphere,  f ( p )  , be sought .  For  t h i s  pur- /371 
pose,  w e  p r e s e n t  f ( p )  i n  the  form o f  an  expansion i n  a c e r t a i n  
basis {Oi(p))  

where t h e  ci are the  unknown c o e f f i c i e n t s  o f  t he  expansion.  

Then, u s i n g  t h e  r e l a t i o n  between r e l a t i v e  humidity and t h e  
mixture  r a t i o  

(6.18) 


where es i s  the  s a t u r a t i o n  vapor p r e s s u r e ,  w e  o b t a i n  t h e  i n t e g r a l  

329 

I 
I 



e q u a t i o n  
m P. 


where 

x 
 -\ /  100-400mbar 

IC400- 700m b a  

!bar 

O LU1 2 3 4 6 


Number of iterations 

F i g u r e  6 .13 .  Reconstruc
t i o n  of R e l a t i v e  Humid
i t y  ( % )  a f t e r  Various 
Numbers o f  I t e r a t i o n s .  

(6.19) 

( 6 . 2 0 )  

Having a s e t  of  measurements i n  
N s p e c t r a l  i n t e r v a l s ,  w e  can use  
( 6 . 1 9 )  and ( 6 . 2 0 )  t o  o b t a i n  a system
of  l i n e a r  a l g e b r a i c  equa t ions  f o r  
de t e rmina t ion  of t h e  c o r r e c t i o n s  Aci 
t o  t he  c o e f f i c i e n t s  used as t h e  z e r o t h  
approximation.  The proposed method 
was used i n  numerical  experiments  f o r  
r a t h e r  s imple  a tmospher ic  humidity
d i s t r i b u t i o n  c o n d i t i o n s  : r e l a t i v e  
humidity i n  t h e  100-400-mbar l a y e r
85%, reduced t o  65% i n  t h e  400-700
nbar l a y e r  and t o  only 50% i n  t h e  
700-1000-mbar l a y e r .  F i g u r e  6 .13  
p r e s e n t s  t h e  r e s u l t s  of s o l u t i o n  of 
t h e  problem a f t e r  v a r i o u s  numbers o f  
i t e r a t i o n s .  The  z e r o t h  approxima
t i o n  f = 1 0 0 %  was used f o r  a l l  l a y e r s .
The f i g u r e  shows t h a t  t h e  convergence /372 
t o  t h e  sought  s o l u t i o n  i s  q u i t e  f a s t .  
However, t h e  o s c i l l a t i n g  n a t u r e  of 
t h e  s o l u t i o n  sometimes produces nega
t i v e  r e l a t i v e - h u m i d i t y  v a l u e s .  T h i s  
p rope r ty  of t h e  a l g o r i t h m  must be 
a p p r o p r i a t e l y  n e u t r a l i z e d .  

Numerical experiments  were a l s o  performed i n  [17] t o  i n v e s t i 
gate the  i n f l u e n c e  of measurement e r r o r s  on t h e  accuracy of humid
i t y  r e c o n s t r u c t i o n .  F o r  t h i s  purpose,  t h e  problem was so lved  w i t h  
v a r i o u s  e r r o r  l e v e l s  (two types  of errors were a s s igned  w i t h  two 
d i s t o r t i o n  l e v e l s :  0 . 1  and 0.2 e rg /cm2-sec*sr*cm- ' )  f o r  a humidity
d i s t r i b u t i o n  observed du r ing  Michelson-interferometer r a d i a t i o n  
measurements i n  Texas c5.511. E i t h e r  t h r e e  o r  n i n e  r a d i a t i o n  
va lues  were used i n  r e c o n s t r u c t i n g  t h e  r e l a t i v e  humidi ty  ( n  = 3 ) .
I n  t h e  l a t t e r  case ,  t h e  method of  l eas t  squa res  was used t o  s o l v e  
t h e  e q u a t i o n  system. Table 6 . 2  p r e s e n t s  t h e  r e s u l t s  of a s tudy 
t o  determine the i n f l u e n c e  of t h e  number o f  measurements f o r  t h e  
two types  o f  e r r o r s  ( I  and 11). 
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TABLE 6 .2 .  INFLUENCE O F  ERRORS AND NUMBER O F  MEAS
UREMENTS ON ACCURACY OF RELATIVE-HUMIDITY RECON
STRUCTION 

-
725-ro00 Totalwater vapor 

mbar I - content 

._ -. .

I ‘ I  
29 - 36 - 52 - 2,31 
34 -1-5 29 -7 66 +14 2,71- +0.40 
26 -3 43 4-7 39 -13 1,93 -0.38 
33 +IO 22 -14 82 -t30 3,18 +0,87 
22 - 7 ’  50 4-14 26 -26 1.57 -0.74 
30 +- 1 35 -1 55 4-3 2,39 1-0.08 
29 0 37 -1-1 4‘3 -3 2,23 -0,08 
31 -1-2 34 --2 58 -1-6 2,47 +O, 16 
28 -1 38 -1-2 47 -5 2.16 -0.15 

A s  w e  see from t h e  t a b l e ,  use of n ine  r a d i a t i o n  measurements 
improves t h e  accuracy of t h e  s o l u t i o n  s u b s t a n t i a l l y  a s  compared 
t o  t h e  case  i n  which only t h r e e  are used .  Thus, t h e  i m p l i c a t i o n
of t h e s e  r e s u l t s  i s  t h a t  t h e  proposed method, which i s  based on 
t h e  use of s imple  approximations of t h e  unknown humidity char
a c t e r i s t i c s ,  can be used t o  b r i n g  out  t h e  g e n e r a l  f e a t u r e s  of t h e  
sought  c h a r a c t e r i s t i c .  

$ 3 .  	EXAMPLES O F  RECONSTRUCTION O F  H U M I D I T Y  DISTRIBUTION I N  THE 1373
ATMOSPHERE UNDER REAL CONDITIONS 

There are few a v a i l a b l e  examples of  r e c o n s t r u c t i o n  of  t h e  a t 
mosphere’s humidity d i s t r i b u t i o n  t h a t  are based on i n t e r p r e t a t i o n
of  measured thermal  r a d i a t i o n  d a t a .  We c i t e  t h e  r e s u l t s  o f  two 
s t u d i e s  117, 5.701 i n  which measurements of  t h e  ascending thermal  
r a d i a t i o n  made  a t  an a l t i t u d e  of 33.5 km i n  a broad range of wave
l e n g t h s  from 5 to 20 pm us ing  a Michelson i n t e r f e r o m e t e r  [5 .51 ]  
were used as t h e  i n i t i a l  d a t a  on t h e  r a d i a t i o n .  W .  Smith’s  papers
C5.69, 5 .701  a r e  devoted t o  t h e  problem of de te rmining  t h e  tempera
t u r e  and humidity d i s t r i b u t i o n s  i n  t h e  t roposphe re .  The method 
proposed by Smith f o r  de te rmining  t h e  t r o p o s p h e r i c  tempera ture
d i s t r i b u t i o n  w a s  examined a t  cons ide rab le  l e n g t h  i n  t h e  preceding
chap te r .  Here we n o t e  t h a t  a method by which t h e  approximate type
of  t h e  water-vapor d i s t r i b u t i o n  i n  t h e  t roposphe re  can be d e t e r 
mined i s  a c o n s t i t u e n t  p a r t  of t h e  g e n e r a l  a lgo r i thm used by Smith. 
Like B.  Conrath,  W .  Smith assumes t h a t  t h e  unknown f u n c t i o n  has  
t h e  s imple  form 

(6.21) 

where ( i n  c o n t r a s t  t o  B. Conrath’s  method) t h e  cons t an t  X i s  re 
garded as known. Thus, t h e  problem a c t u a l l y  r educes  to e x t r a c t i o n  
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of only t h e  s i n g l e  parameter  w(p0) from the  r a d i a t i o n  d a t a .  The 
va lue  of X i s  t aken  from c l i m a t o l o g i c a l  data. The 500-570 em'' 
i n t e r v a l  i n  t h e  water vapor  r o t a t i o n a l  band i s  used i n  s o l v i n g
t h e  problem. The r a d i a t i o n  i n  t h i s  i n t e r v a l  i s  gene ra t ed  by t h e  
t roposphere  under p r a c t i c a l l y  a l l  c o n d i t i o n s  observed i n  the  
earth's atmosphere. The a c t u a l  method by which the  .unknown param
eter i s  e x t r a c t e d  i s  a l s o  based, as w i t h  B. Conrath,  o n . t h e  re
duced-mass concept ,  expansion of t h e  t r a n s m i s s i o n  f u n c t i o n  i n  
Taylor  se r ies ,  and s u c c e s s i v e  i t e r a t i o n s  t h a t  permi t  improving
the t empera ture  and humidi ty  d i s t r i b u t i o n s  a t  each s t e p .  The 
only d i f f e r e n c e s  from Conra th ' s  method, which w a s  t rea ted  i n  de
t a i l  i n  the p reced ing  s e c t i o n ,  are c e r t a i n  de t a i l s  of t he  s p e c i f 
i c  a lgo r i thm - most i m p o r t a n t l y ,  t h e  f a c t  t h a t  t h e  tempera ture
p r o f i l e  i s  not  cons ide red  t o  be known, b u t  i s  found i n  t h e  p rocess
o f  s o l v i n g  the  problem. 

Assignment of  t he  unknown f u n c t i o n  i n  t h e  form o f  ( 6 . 2 1 )  i m 
poses  s e v e r e  l i m i t a t i o n s  on the  p o s s i b i l i t i e s  o f  t h e  method. It  
cannot be used t o  de te rmine  t h e  f i n e  s t r u c t u r e  of t h e  humidity
d i s t r i b u t i o n ,  y i e l d i n g  only somewhat raw da ta ,  e s p e c i a l l y  when t h e  
type  of d i s t r i b u t i o n  d i f f e r s  s u b s t a n t i a l l y  from t h e  f u n c t i o n a l  
form ( 6 . 2 1 ) .  However, i t  i s  s t i l l  a c c u r a t e  enough f o r  determina
t i o n  of t o t a l  a tmospher ic  moi s tu re  con ten t  and i s  q u i t e  s u i t a b l e  /374
f o r  c o r r e c t i o n  of t h e  thermal-sounding-channel t r a n s m i s s i o n  func
t i o n s .  Resu l t s  of a p p l i c a t i o n  o f  S m i t h ' s  method appear  i n  F i g s .
5.43-5.45. It was necessa ry  t o  use  f i v e  i t e r a t i o n s  t o  o b t a i n  t h e  
r e s u l t s  shown i n  F i g .  5.43, which convey t h e  t r u e  atmospheric
humidity c h a r a c t e r i s t i c s  q u i t e  f a i t h f u l l y .  F igu re  5.44 shows a 
less s u c c e s s f u l  r e c o n s t r u c t i o n  of the  unknown d i s t r i b u t i o n .  I n  
Smi th ' s  op in ion ,  t h e  t r o u b l e  a r o s e  o u t  of r a the r  l a r g e  e r r o r s  t h a t  
were observed a t  t h e  t i m e  o f  t h e  measurements. Major e r r o r s  i n  
de t e rmina t ion  of t he  humidi ty  p r o f i l e  a l s o  r e s u l t e d  from e r r o r s  i n  
t h e  t empera tu re -p ro f i l e  r e c o n s t r u c t i o n  i n  t h i s  c a s e  (see F ig .
5 . 4 4 ) .  While e r r o r s  i n  de te rmining  t h e  atmospheric  humidity d i s 
t r i b u t i o n  have l i t t l e  i n f l u e n c e  on t h e  accuracy  w i t h  which t he  
atmosphere 's  thermal  s t r u c t u r e  i s  determined,  e r r o r s  i n  ou r  know
ledge  o f  t h e  tempera ture  p r o f i l e  r e s u l t  i n  l a r g e  e r r o r s  i n  d e t e r 
minat ion of  a tmospher ic  humidi ty .  T h i r t e e n  i t e r a t i o n s  were used 
in c o n s t r u c t i n g  t h e  curves  shown i n  F i g .  5 . 4 4 .  Smith observes  
t h a t  t h e  accuracy of t he  s o l u t i o n  c o r r e l a t e s  w i t h  t h e  number of 
i t e r a t i o n s  r e q u i r e d ,  s o  t h a t  unsuccess fu l  r e c o n s t r u c t i o n s  can be  
i d e n t i f i e d  by t h i s  c r i t e r i o n .  

F igure  5.45 p r e s e n t s  a t r o p o s p h e r i c  humidity d i s t r i b u t i o n  re
c o n s t r u c t e d  under p a r t l y  cloudy c o n d i t i o n s .  The method cons idered  
i n  Chapter 5 ,  §6 was used t o  s e p a r a t e  t he  cloudless-atmosphere
r a d i a t i o n .  We n o t e  t h a t  there  i s  no s u b s t a n t i a l  d e t e r i o r a t i o n  of 
humid i ty - r econs t ruc t ion  accuracy as compared w i t h  c a ses  of  cloud
less-atmosphere r e c o n s t r u c t i o n .  

B .  Conrath [l7] used the  method d e s c r i b e d  above t o  p rocess
data ob ta ined  i n  a d i f f e r e n t  band du r ing  the  same r a d i a t i o n  
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Figure  6.15. Reconstruc
t i o n  of R e  lative-Humid
i t y  P r o f i l e  ( I )  under 
Real Condi t ions .  1) Re
c o n s t r u c t e d  p r o f i l e ;  2 )
z e r o t h  approximation to 
unknown p r o f i l e ;  3,  4 )
r a d i o  sounding data a t  
1 2  and 1 8  hour s .  

F i g u r e  b. 1 4 .  Recons t ruc t ion  of 
Humidity P r o f i l e  (g/kg) under 
Real Condi t ions .  1) Recon
s t r u c t e d  p r o f i l e ;  2 ,  3 )  ra 'd io  
sounding data a t  1 2  and 1 8  
hours  , r e s p e c t i v e l y .  

measurements. F igure  6 . 1 4  p r e s e n t s  
an example i n  which t h e  i n v e r s e  
problem i s  so lved  w i t h  t h e  water-
vapor m i  x t  u r e  -rat  io d istr i b  u t i  on 
regarded  as t h e  unknown f u n c t i o n .  
Two s p e c t r a l  i n t e r v a l s  %40 c m - I  

and cen te red  1520 andwide a t  v = v = 1200  cm" were used i n  so lv 
i n g  t h e  problem. The c i r c l e s  and t r i a n g l e s  on t h e  diagram r e p r e 
sent data .from radiosonde  measurements. A s  w e  see from t h e  f i g u r e ,
t h e  agreement between t h e  sought  f u n c t i o n  and t h e  r e a l  d i s t r i b u 
t i o n  i s  not  a t  a l l  bad. F igu re  6.15 p r e s e n t s  r e s u l t s  from so lu 
t i o n  of t h e  same problem for t h e  case  i n  which r e l a t i v e  humidi ty
i s  t r e a t e d  as t h e  qnknown f u n c t i o n .  Three terms of  t h e  expansion
i n  (6 .17 )  were used here.  The same data are  p r e s e n t e d  i n  F ig .
6.16, t h i s  t i m e  i n  the  form of t h e  p r e s s u r e  curve of water-vapor
mixture  r a t i o .  Because of t he  type  of humidity d i s t r i b u t i o n  ob
se rved  i n  t h e  atmosphere,  t h e  l a t t e r  method of determining  t h e  
humidity c h a r a c t e r i s t i c s  has no major advantages over  t h e  former.  
On the  whole,  t h e  r e s u l t s  can be  ra ted  good, s i n c e  t h e  measure- 1 3 7 5  
ment e r r o r s  were q u i t e  l a r g e  - 3-41 - i n  t h e  s p e c t r a l  i n t e r v a l  
cons idered .  

I n  r e c o n s t r u c t i n g  t h e  humidi ty ,  Conrath used a t empera tu re
p r o f i l e  ob ta ined  w i t h  a rad iosonde .  I n  t h e  s a t e l l i t e  v e r s i o n  of  
t h i s  problem, i t  would, o f  cour se ,  be  necessary  to use  tempera
t u r e - p r o f i l e  data o b t a i n e d  i n d i r e c t l y .  T h i s  raises the q u e s t i o n  
as to t h e  i n f l u e n c e  of  e r r o r s  i n  a s s i g n i n g  T(p)  on t h e  accuracy
of  humid i ty -p ro f i l e  r e c o n s t r u c t i o n .  F igure  6.17 p r e s e n t s  r e s u l t s  
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Figure  6.16. Humidity P r o f i l e  
Recons t ruc t ion  Data s.hown i n  
F i g .  6 .15 ,  i n  the Form o f  a 
P l o t  of Water Vapor Mixture 
R a t i o  as a Funct ion  o f  P r e s 
s u r e  i n  t h e  Atmosphere. F o r  
legend s e e  F ig .  6 . 1 4 .  

from r e c o n s t r u c t i o n  of  t h e  
water-vapor mixture  r a t i o  
us ing  a tempera ture  p r o f i l e
a s s igned  w i t h  s y s t e m a t i c  
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F i g u r e  6 .17 .  I n f l u e n c e  of Er
r o r s  i n  Assignment o f  Atmos
p h e r i c  Temperature P r o f i l e  on 
Accuracy of  Humidity Di s t r ibu 
t i o n  Recons t ruc t ion .  1) Recon
s t r u c t i o n  us ing  a c c u r a t e  T(p)
p r o f i l e ;  2 )  r e c o n s t r u c t i o n  w i t h  
T (p )  p r o f i l e  a s s i g n e d  w i t h  2' 
e r r o r ;  3 )  r a d i o  sounding data. 

1 3 7 7  

a e r r o r  of  - 2 O C .  A s  w e  see from t h e  

f i g u r e ,  t h e  r e c o n s t r u c t i o n  e r r o r  i s  apprec i ab ly  la rger .  We may 
expec t  a somewhat weaker i n f l u e n c e  of  temperature-assignment  
e r r o r s  on t h e  s o l u t i o n  of t h i s  i n v e r s e  problem when r e l a t i v e  
humidity i s  used as t h e  unknown f u n c t i o n .  T h i s  i s  because a 
c e r t a i n  amount of e r r o r  compensation w i l l  r e s u l t  from t h e  tempera
t u r e  v a r i a t i o n s  o f  b o t h  t h e  r e l a t i v e  humidity i t s e l f  and t h e  
black-body r a d i a t i o n .  Neve r the l e s s ,  i t  may b e  concluded t h a t  
t he  errors a r i s i n g  i n  r e c o n s t r u c t i o n  of t h e  tempera ture  p r o f i l e
w i l l  be  one o f  t h e  b a s i c  sou rces  of e r r o r s  i n  de t e rmina t ion  of 
the  atmosphere 's  humidi ty  c h a r a c t e r i s t i c s .  

Theexamples g iven  here i n d i c a t e  the  p o s s i b i l i t y  o f .  e x t r a c t 
i n g  t h e ' b a s i c  c h a r a c t e r i s t i c s  of t r o p o s p h e r i c  humidi ty  from meas
ured  thermal  r a d i a t i o n  data. I n  a number of problems,  i t  w i l l ,  
of cour se ,  be necessary  to have more de t a i l ed  in fo rma t ion  i n  a 
broader  a l t i t u d e  r ange .  T h i s  r e q u i r e s  f u r t h e r  improvement of  t h e  
method. The problems t h a t  must be so lved  i n c l u d e  the  use of  more 
a c c u r a t e  methods of c o r r e c t i o n  f o r  a tmospheric  inhomogeneity i n  
t h e  s o l u t i o n ,  s e l e c t i o n  of  t h e  optimum band of t h e  spectrum, i n 
v e s t i g a t i o n  of optimum measurement c o n d i t i o n s ,  development of  i m 
proved i n t e r p r e t a t i o n  methods, e t c .  
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CON CL US I ON /378 

The l a s t  decade has been p i v o t a l  i n  t h e  development o f  
meteorology. P rogres s  made i n  computer t echn iques  has made pos
s i b l e  t h e  r a p i d  development o f  numer ica l  wea the r - fo recas t ing
methods and t h e  f i rs t  numerical  experiments  t o  s tudy  the  l a w s  
governing the  g e n e r a l  c i r c u l a t i o n  of  t h e  atmosphere.  The t ech 
n i c a l  p o s s i b i l i t y  o f  q u a n t i t a t i v e  ' d e s c r i p t i o n  o f  p rocesses  on 
t h e  p l a n e t a r y  s c a l e  and t h e  a c u t e  need f o r  the development of  
numerical  methods f o r  long-range weather  f o r e c a s t i n g  have made 
the  problem o f  deve loping  a p l a n e t a r y  system f o r  t h e  a c q u i s i t i o n
of me teo ro log ica l  i n fo rma t ion  ( i n i t i a l  data) a p r e s s i n g  one. It 
i s  t h i s  problem t h a t  c o n s t i t u t e ' s  t h e  p r i n c i p a l  con ten t  of  t h e  
p l a n  advanced by t h e  World.Weather Organ iza t ion  f o r  a World 
Weather Watch (WWW) and i t s  r e s e a r c h  a s p e c t  - t h e  Global Atmos
p h e r i c  Research Program ( G A R P ) .  

The advances made ove r  t h e  l as t  decade i n  the  development o f  
s a t e l l i t e  meteorology have shown t h a t  weather s a t e l l i t e s  must be 
t h e  b a s i c  l i n k  i n  a p l a n e t a r y  s y s t e m  of  weather o b s e r v a t i o n s .  
However, t h i s  has no t  y e t  become a p r a c t i c a l  r e a l i t y ,  s i n c e  
t e l e v i s i o n  and i n f r a r e d  p i c t u r e s  of  t h e  cloud cover  have been,  
u n t i l  very r e c e n t l y ,  t h e  s o l e  and p r i n c i p a l  form o f  in fo rma t ion  
ob ta ined  w i t h  weather s a t e l l i t e s  and used i n  t h e  weather  s e r v i c e s .  
The absence o f  q u a n t i t a t i v e  d a t a  on t h e  f i e l d s  of t h e  b a s i c  
me teo ro log ica l  e lements  needed f o r  a p p l i c a t i o n  o f  numerical  f o r e 
c a s t i n g  methods has c r e a t e d  a s i t u a t i o n  i n  which r e s u l t s  ob ta ined  
by means of  present-day e n g i n e e r i n g  f a c i l i t i e s  have only been o f  
h e l p  i n  t h e  development o f  a s e m i q u a n t i t a t i v e  s y n o p t i c  method. 

The f i r s t  p r o g r e s s  i n  thermal  sounding of t h e  atmosphere and 
i n  approximate d e t e r m i n a t i o n  of  t h e  v e y t i c a l  water-vapor and ozone 
concen t r a t ion  p r o f i l e s ,  which was made i n  1 9 6 9 ,  marks a c r u c i a l  
s t a g e  i n  t h e  development of  s a t e l l i t e  meteorology i n  t h a t  i t  has 
opened t h e  way to p r a c t i c a l  a c q u i s i t i o n  o f  i n fo rma t ion  on t h e  
f i e l d s  o f  t h e  p r i n c i p a l '  me teo ro log ica l  e lements  i n  q u a n t i t a t i v e
form. Although i t  i s  q u i t e  c l e a r  t h a t  t h e  convent iona l  weather-
obse rva t ion  methods w i l l  b e  j u s t  as impor t an t  i n  t h e  f u t u r e ,  re
cen t  advances i n  s a t e l l i t e  meteorology i n d i c a t e  the  need f o r  for
mulat ion and s o l u t i o n  of  t h e  problem o f  t h e  optimum mix of  con
v e n t i o n a l  and s a t e l l i t e  methods of  a c q u i r i n g  me teo ro log ica l  i n f o r 
m a t i  on. 

There i s  no doubt t h a t  t h e  r e s u l t s  o b t a i n e d  i n  t h e  f i rs t  
s t a g e  of  s o l v i n g  t h e  thermal-sounding problem can  b e  improved upon
g r e a t l y .  T h i s  w i l l  r e q u i r e ,  f i r s t  of  a l l ,  f u r t h e r  development 
w i t h  t h e  purpose o f  s o l v i n g  t h e  problem f o r  a r b i t r a r y  cloudage
c o n d i t i o n s .  S ince  t h e  b a s i c  d i r e c t i o n s  to be t aken  i n  overcoming 
t h i s  d i f f i c u l t y  a re  more or less  c l e a r ,  most of o u r  a t t e n t i o n  
should  be  focused on the  i n s t r u m e n t a l  a s p e c t  o f  t h e  problem. The 
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problem o f  the o p t i c a l  c h a r a c t e r i s t i c s  of t he  atmosphere,  c louds ,
and under ly ing  s u r f a c e  i s  o f  no lesser importance.  A broad pro
gram o f  research i n  a tmospher ic  spec t roscopy must b e  implemented
here. 

The most e f f i c i e n t  way t o  s o l v e  i n v e r s e  problems of s a t e l l i t e  
meteorology w i l l  undoubtedly be t o  use  complex fo rmula t ions  i n  
which, f o r  example, t h e  v e r t i c a l  p r o f i l e s  o f  tempera ture  and hu
midi ty  are  determined s imul taneous ly  and i n f o r m a t i o n  on t h e  t r a n s 
miss ion  f u n c t i o n s  ( k e r n e l s  o f  t h e  fundamental  i n t e g r a l  e q u a t i o n )
i s  improved. T h i s  i m p l i e s  t he  need f o r  o u t g o i n g - r a d i a t i o n  meas
urements i n  va r ious  r e g i o n s  of the  spectrum, and i t  must be  
stressed i n  t h i s  con tex t  t ha t  t he  microwave outgoing  r a d i a t i o n  
deserves  t h e  most d i l i g e n t  a t t e n t i o n  as a source  o f  me teo ro log ica l
in fo rma t ion .  

The development o f  methods f o r  i n d i r e c t  sounding o f  t he  a t 
mosphere from s a t e l l i t e s  i s  only i n  i t s  i n f a n c y .  The problems
mentioned above as r e q u i r i n g  a t t e n t i o n  are no more t h a n  i s o l a t e d  
i l l u s t r a t i o n s  o f  t h e  unsolved problems. The next  s tage i n  t he  
development of s a t e l l i t e  meteorology, which w i l l  i n v o l v e  p r a c t l
c a l  s o l u t i o n  of v a r i o u s  i n v e r s e  problems, w i l l  r e q u i r e  major ef .  
f o r t s ,  b u t  i t  i s ,  a t  t h e  same t i m e ,  h igh ly  promising from t h e  
s t a n d p o i n t  o f  s o l v i n g  the  c a r d i n a l  problem o f  a c q u i r i n g  weather 
data on the  g l o b a l  s c a l e .  
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